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ABSTRACT 
 
The purpose of this research was to further understand the behavior of pile 
foundations in unsaturated soils subjected to lateral loading. Recent case histories show 
the importance of incorporating unsaturated soil mechanics in geotechnical engineering 
practice for the design and construction of resilient and cost effective systems. 
Unsaturated soils are a three phase material- solid, liquid and gas, resulting in three 
interfaces. Among the three interfaces the liquid-gas interface, also known as the 
contractile skin, plays a critical role in the mechanical and flow behaviors of unsaturated 
soil. The effects of the contractile skin are measured in terms of matric suction. Though 
unsaturated soil mechanics can be beneficial in engineering design, the concern of 
practitioners is the selection of the appropriate value of matric suction for the site based 
on rainfall and infiltration data. In addition to studying the behavior of pile foundations in 
unsaturated soils a method is proposed for characterizing an unsaturated soil profile for a 
site based on reliability concepts using a sample shallow foundation design. 
The research is divided into two types of lateral loading on piles in unsaturated 
soils: static cyclic loading and dynamic earthquake loading. A typical long and slender 
bridge pile in unsaturated soils is studied using geotechnical centrifuge modeling and 
finite element modeling.  The development of a centrifuge model and test procedure for 
studying unsaturated soil-pile coupling behavior is developed. The soil container on the 
centrifuge is divided into three regions to allow for a cost effective way to collect a lot of 
data on a destructive model. The first region tests the dynamic response of a bridge pile 
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with a representative superstructure at the top subjected to a given base motion, the 
second region tests the behavior of bridge pile subjected to slow cyclic loading, and the 
third region records the free field dynamic response for the applied motion at the base of 
the model.  The steady state infiltration method was performed to create uniform degree 
of saturation profile while the centrifuge is spinning. Tests were conducted at two 
different degrees of saturation. Also, a dry test and a fully saturated test were also 
conducted for the purpose of comparing with the unsaturated responses. Data was 
collected on these four centrifuge tests for the three regions. Comparisons of responses 
are made between one dry sample and two different unsaturated soil profile samples. 
Overall the centrifuge tests provided useful data and the lessons learned from the test 
procedure will be applied to future physical models. 
The dynamic behavior of a bridge pile in unsaturated soil is simulated using an 
improved simplified finite element model, which incorporates the Rayleigh damping 
model into the formulation. In the modeling, the stress-strain behavior of the soil is 
modeled using an elastoplastic constitutive model for unsaturated soil based on a 
bounding surface concept. The pile is modeled by Timoshenko beam elements using a 
linear elastic model. The response of the pile and the soil is investigated at three initial 
degrees of saturation. The results show that the coupled soil-pile interaction is not largely 
affected by the range of initial degrees of saturation in this study. 
Since there is still a significant amount of work to create deterministic equations, 
p-y curves, and numerical models for laterally loaded piles in unsaturated soils. The 
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method proposed for characterizing an unsaturated soil profile for a site using reliability 
methods was tested with a shallow foundation. The method uses Monte Carlo simulation 
to determine the bearing capacity of a footing using a semi empirical equation. The 
matric suction term in the equation is solved for using data from the U.S. National 
Climatic Data Center and U.S. Geological Survey National Water Information System. 
The results show increases in bearing capacity using the new method with factors as large 
as 2.7 times the capacity compared to deterministic approaches using saturated soil 
parameters.  The paper also discusses the effect of the depth factor on the new 
dominating cohesion term in the bearing capacity equation. The results show that an 
increase in footing size results in smaller factors of increase in bearing capacity as suction 
increases the value of the cohesion term. 
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1 INTRODUCTION 
 
1.1 Importance of Unsaturated Soil Mechanics 
Classical soil mechanics emphasizes on the behavior of sands, silts, and clays with 
two phases which are either water and solids or air and solids. Unsaturated soil 
mechanics broadens this emphasis to sands, silts and clays with three phases. The bulk 
phases in unsaturated soils consist of a solid, liquid and gas (Figure 1.1). There are also 
three interfaces among these three bulk phases: solid-liquid, solid-gas and liquid-gas. The 
mechanical behavior of unsaturated soil is governed by the bulk phases, interfaces, and 
the interaction among the different bulk phases and interfaces. Among the three 
interfaces, the liquid-gas interface, also known as the contractile skin, plays a critical role 
in the mechanical and flow behaviors of unsaturated soil. The dynamic equilibrium 
between the water and air phases is maintained by the contractile skin. The characteristics 
of the contractile skin are affected by the amount of water present in the soil in addition 
to many other parameters such as grain size distribution, grain shape and surface 
roughness. Therefore, when the amount of water varies, the flow and mechanical 
behavior of the soil varies. 
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Figure 1.1- The Bulk Phases of Unsaturated Soils 
 
 
 
There are many problems caused by the failure of taking into account unsaturated 
soils, such as slope failures and foundation failures. As the ratios of liquid and gas change 
either through wetting or drying in some soils extreme swelling or expansion can occur. 
Other soils exhibit a reduction in shear strength when they are wetted and increasing 
shear strength when they dry.  Climate is an important factor in determining if 
unsaturated soil mechanics should be considered in engineering design.  
Climate affects whether a soil is saturated or unsaturated. Precipitation adds water 
to the soil, while evaporation from the ground surface or evapotranspiration from a 
vegetative cover remove water from the soil. Almost two-thirds of the Earth’s surface are 
considered arid or semi-arid. Arid regions on average have a greater amount of 
evaporation than precipitation every year. Arid regions have a deep groundwater table. 
The soils above the ground water table are unsaturated and have negative pore water 
pressures. Variations in the climate can change the moisture content in the soil rapidly, 
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such as heavy rainfall. Wetting the soil will result in an increase in pore water pressure, 
resulting in a change in the volume and shear strength of the soil. 
Rapid changes only occur to the soil that rainfall infiltrates (Figure 1.2). In regions 
with deep water tables the infiltration layer and the saturation layer usually do not meet, 
resulting in an unsaturated soil layer between the two layers. In deep foundations a large 
portion of the pile can be located in the unsaturated soil layer. 
 
 
Figure 1.2- Soil Profile with an Infiltrated Soil, Unsaturated Soil and Saturated Soil Layer 
 
 
The concepts of unsaturated soil mechanics are discussed in the literature review. 
The effects of the contractile skin are measured in terms of matric suction. Among the 
many relationships in unsaturated soil mechanics the moisture-suction relationship with 
the soil water characteristic curve (SWCC) or soil water retention curve (SWRC), is one 
of the most important. The relationship between moisture, suction, and depth is illustrated 
in Figure 1.3.  When a rain event in a region with a deep water table has not occurred in a 
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long time the matric suction in the soil can be related to the hydrostatic profile created by 
setting a datum at the water table (Figure 1.3 a). The change in matric suction during a 
rainfall event is depicted in Figure 1.3 b. The flow of water is controlled by unsaturated 
soil mechanics. The resulting profile after the rain event is over is illustrated in Figure 1.3 
c.  Overall the figure depicts that even with rainfall events; as long as the water table is 
deep the effects of matric suction will remain. With large portions of the world classified 
as extremely arid, arid and semi-arid, the relationship of suction with depth gives reason 
for understanding how unsaturated soils affect deep foundations. 
 
 
(a) 
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(b) 
 
 
 
(c) 
 
Figure 1.3- Change in Matric Suction before and After a Rain Event 
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1.2 Importance of Soil-Pile Coupling Behavior 
Geotechnical earthquake site characterization is typically determined in an 
uncoupled manner. The geotechnical engineer determines the predicted free field 
response using input motions that are representative to the site (Figure 1.4). The free field 
response motion is used to create site specific spectral acceleration plots or the free field 
response motion is applied to the base of a fixed structure and the dynamic behavior of 
the structure is analyzed (Figure 1.5). This method of analysis does not take into account 
the foundation’s response on the soil or the soil’s response on the foundation. 
 
 
Figure 1.4- Typical Site Characterization by Geotechnical Engineers 
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Figure 1.5- Engineering Calculations Performed with Free Field Response Prediction 
 
The soil-pile interface where the load transfer occurs is important in completely 
understanding the soil-pile coupling behavior. The interface between the pile and the soil 
with various loading scenarios is illustrated in Figure 1.6. When the pile is in tension the 
soil along the interface of the pile is pulled up along the side of the pile (Figure 1.6 a). In 
Figure 1.6 b the pile is in compression and the interface is compacted down with the pile. 
The Figure 1.6 c shows the sketch of a laterally loaded pile.  The soil in the direction the 
pile is pushed is compacted and bulges upward while the soil behind the pile is loose and 
falls into the crevice made by the pile moving. In some cases, a gap may be formed. 
When the lateral load is cyclic in nature as in earthquake shaking, the gap along the 
interface may open and close, therefore, the soil-pile system must be studied in a coupled 
manner for accurate evaluation of the soil-pile response. In unsaturated soils these 
interfaces are very important because the actual degree of saturation right next to the pile 
has a significant effect on the interface response of the pile. The degree of saturation 
along the interface can change not only by the flow of water but also by the deformation 
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induced by the movement of the pile. In some cases, it is possible to have localized 
liquefaction around the pile near the surface where the soil deformation is significant. 
 
 
Figure 1.6- Soil-Pile Interface Responses with Various Loading Conditions 
 
1.3 Research Objectives  
The purpose of this research was to further understand the behavior of pile 
foundations in unsaturated soils subjected to lateral loading. Specifically how pile 
response changes for different degrees of saturation in a uniform soil profile. The 
development of a method for characterizing an unsaturated soil profile for a site using 
reliability methods was also proposed and tested on a shallow foundation. 
The research was divided into two focusses on laterally loaded piles. Piles loaded 
with a dynamic earthquake motion and piles loaded statically with a cyclic motion. The 
pile selected for applying these loading scenarios was a bridge pile with a typical axial 
Axial Load
Lateral LoadAxial Load
(a) (b) (c)
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load and typical bridge pile dimensions. The pile also had to respond as a long slender 
pile rather than a short ridged pile. Two methods for studying the response of piles with 
these loadings and dimensions were selected for understanding how the degree of 
saturation of a soil affects pile response. The first method was geotechnical centrifuge 
testing and the second method was finite element modeling.  
The development of a method for characterizing an unsaturated soil profile for a 
site using reliability methods was tested on a shallow foundation since more research is 
required to relate suction to lateral pile behavior. The purpose of the method was to 
determine if Monte Carlo simulation was an applicable method for selecting design 
bearing capacities for shallow foundations. Another objective was to determine how 
appropriate the saturated factors for bearing capacity are for unsaturated soils. 
1.4 Organization of Thesis 
The thesis is organized into eight chapters. The second chapter consists of a 
literature review on unsaturated soils and deep foundations. The third chapter explains 
the development of a centrifuge model and test procedure for testing unsaturated soil-pile 
coupling behavior. The fourth chapter discusses the results of four centrifuge tests 
performed at the University of Colorado at Boulder centrifuge lab. The fifth chapter 
presents the lessons learned from the centrifuge test and future centrifuge and 1 g 
procedures for performing unsaturated soil-pile coupling behavior tests. The sixth chapter 
presents results and discusses the benefits of an in house finite element program for 
modeling soil-pile coupling behaviors in unsaturated soils. The seventh chapter 
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introduces a method for using unsaturated soils in design through Monte Carlo 
simulation. Since there is still a significant amount of work to create deterministic 
equations, p-y curves, and numerical models for laterally loaded piles in unsaturated soils 
a shallow foundation is modeled. Chapter eight concludes on the effectiveness of the 
three different procedures used to study unsaturated soil: centrifuge testing, finite element 
modeling and reliability modeling. 
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2 LITERATURE REVIEW 
 
2.1 Effective Stress Concepts and Stress State Variables 
2.1.1 Introduction 
The mechanical behavior of soil can be expressed in terms of the state of stress in 
the soil. The variables used to describe the state of stress in the soil are usually called 
stress state variables. These variables should be independent of the soil type. 
2.1.2 Effective Stress in Saturated Soils 
Terazaghi (1936) defined the stress state variable of saturated soil. This variable is 
called effective stress and is generally expressed as follows in 1-dimension:  
wu  '  (2.1) 
where  
' = effective stress 
 = total  stress 
wu = pore water pressure 
This effective stress equation has been verified experimentally by many 
(Rendulic, 1936; Bishop and Eldin, 1950; Skempton, 1961). Evidence has also shown 
that effective stress is the only stress state variable needed to describe the mechanical 
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behavior of saturated soil. It governs both shear strength and volume changes 
characteristic of saturated soil.  
There have been other attempts to express effective stress in other forms but most 
relied on incorporating soil properties. The incorporation of experimental relationships in 
describing a stress state variable is considered questionable in a continuum mechanics 
standpoint. 
2.1.3 Effective Stress in Unsaturated Soils 
Single Stress State Variables 
In the development of explaining the mechanics of unsaturated soil in terms of 
stress state variables it was desirable to directly relate unsaturated soil to the single stress 
state variable, effective stress, in saturated soil. The following are some widely used 
examples. 
Bishop proposed an effective stress equation at a lecture in Oslo, Norway in 1955, 
which was later published in “The Principal of Effective Stress” in 1959. 
   wuauau   '  (2.2) 
where 
au =pore air pressure 
 =a parameter related to the degree of saturation for a given soil 
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In Bishop’s equation χ  is equal to 1 when the soil is fully saturated; χ  is equal to 0 
when the soil is completely dry. Soils with a low degree of saturation have a χ  value 
between 1 and 0. The relationship between χ  and the degree of saturation was determined 
experimentally in 1961 by Bishop and Donald (1961) and Blight (1961). Experiments 
were performed on cohesionless silt and compacted soils, as shown in Figure 2.1 (a) and 
(b), respectively. The figure demonstrates that the value of χ  is affected by soil type and 
degree of saturation. 
 
 
 
Figure 2.1- Relationship Between χ and the Degree of Saturation (S) (Fredlund, 1993) 
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There are numerous other relationships for explaining the mechanics of 
unsaturated soil in terms of effective stress (Aitchison, 1961; Jennings, 1961; and Bishop 
and Blight, 1963). 
Double Stress State Variables 
Matyas and Radhakrishna (1968): 
Matyas and Radhakrishna introduce the concept of state variables to descibe 
volume change in unsaturated soils. Volume change was presented as a three dimensional 
surface with respect to the state parameters  au and  wuau  . 
Fredlund and Morgenstern (1977): 
Fredlund and Morgenstern in 1977 presented a theoretical stress analysis of an 
unsaturated soil based on multiphase continuum mechanics. The analysis concluded that 
any two of the three possible normal stress variables can be used to describe the stress 
state of unsaturated soils. The three possible combinations are: (1)  au and 
 wuau  (2)  wu and  wuau  (3)  au and  wu .  Fredlund stated that 
the first combination is the most satisfactory for use in engineering practice. The 
combination is advantageous because the effects of a change in normal stress can be 
separated from the effects of a change in the pore water pressure. Also the combination is 
advantageous due to pore air pressure being atmospheric in most engineering problems. 
The stress state variables can be extended for the x, y and z direction to define 
equilibrium equations for a three dimensional soil element. The complete form of the 
stress state for an unsaturated soil can be written as two independent stress tensors. 
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Net Stress Tensor: 
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Matric Suction Tensor: 
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In the case of compressible soil particles or pore fluid, an additional stress tensor, au  
must be used to describe the stress state: 








au
au
au
00
00
00
 (2.5) 
Another Method 
In parallel to the development of stress state equations, the study of multiphase flows also 
has applications. Methods such as the theory of mixtures with interfaces can be used to 
determine what variables are controlling the behavior of unsaturated soil (Muraleetharan, 
1999).  
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2.2 Soil Suction 
2.2.1 Introduction 
Soil suction is directly related to surface tension. Surface tension results from the 
intermolecular forces acting on molecules at the air water interface. These forces are 
different from the forces acting on the molecules within the water. A molecule within the 
water has balanced forces in all directions. A water molecule within the air water 
interface has unbalanced forces towards the water as shown in Figure 2.2. In order for the 
air water interface to be in equilibrium a tensile pull is generated along the surface.  This 
tensile pull is called surface tension. Surface tension is measured as the tensile force per 
unit length of the interface.  
 
 
Figure 2.2- Example of a Molecule at the Air Water Interface and a Molecule in the 
Water 
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Surface tension causes the air water interface to behave like an elastic membrane. 
If a flexible two dimensional membrane is subjected to two different pressures the 
membrane will be concave towards the larger pressure. The pressure difference across the 
curved surface can be related to the surface tension (Ts) and the radius of curvature (Rs) 
of the surface by considering equilibrium across the membrane (Figure 2.3). 
 
Figure 2.3- Pressures and Surface Tension Acting on a Curved Two-Dimensional Surface 
(Fredlund, 1993) 
 
Equation 2.6 shows the force equilibrium in the vertical direction  
 sin2sin2 SuRST   (2.6) 
where 
=length of the membrane projected onto the horizontal plane. 
Rearranging Equation 2.6 gives 
SR
STu   (2.7)  
sin2 sR
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Equation 2.7 gives the pressure difference across a two dimensional curved surface. 
For a three dimensional surface Equation 2.7 can be extended using the Laplace equation, 
resulting in equation 2.8. 



 
2
1
1
1
RRS
Tu  (2.8) 
where 
1R and 2R = radii of curvature of a warped membrane in two orthogonal principal planes. 
If the radius of curvature is the same in all directions than R1 and R2 are equal to 
Rs, resulting in the simplified equation 2.9.  
 
SR
STu
2  (2.9) 
In an unsaturated soil, the contractile skin would be subjected to an air pressure ua, 
which is greater than the water pressure uw. The pressure difference is referred to as 
matric suction. For this special case equation 2.9 can be modified resulting in equation 
2.10. As the matric suction of the soil increases, the radius of curvature of the contractile 
skin decreases. 
 
SR
ST
wuau
2  (2.10) 
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where  
 wuau  =matric suction  
2.2.2 Matric and Osmotic Suction 
Total suction of a soil is made up of two components matric suction and osmotic 
suction. 
  )( wuau  (2.11) 
where 
 = total suction 
)( wuau  =matric suction 
 =osmotic suction 
Osmotic suction is related to the salt content in the pore water. Osmotic suction 
changes the mechanical behavior of the soil, resulting in changes in the overall volume 
and shear strength of the soil. Osmotic changes in suction are generally less significant 
than matric suction changes when computing total suction. Thus for most geotechnical 
engineering problems matric suction changes can be substituted for total suction changes. 
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2.2.3 Measurements of Matric Suction 
 Measurements of Matric Suction can be calculated by determining the pore water 
pressure and subtracting it from the pore air pressure. High air entry ceramic disks are 
used for measurements of negative pore water pressures.  
A high air entry disk has small pores that are approximately the same size 
throughout the disk. The disk acts as a membrane between air and water.   Once the disk 
is saturated air cannot pass through the disk due to the surface tension, Ts, developed by 
the air water interface also known as the contractile skin. The difference between the air 
pressure above the contractile skin and the water pressure below the contractile skin is 
defined as the matric suction. The maximum matric suction that can be maintained across 
the surface of the disk is called its air entry value. The air entry value can be illustrated 
using equation 2.12. 
 
SR
ST
dwuau
2  (2.12) 
where  
 dwa uu  = air entry value of the high air entry disk 
ST = surface tension of the contractile skin or the air water interface 
SR = Radius of the maximum pore size 
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It can be determined from equation 2.12 that the smaller the pore size is in the 
disk the greater its air entry value will be. As long as the matric suction of the soil does 
not exceed the air entry value of the disk, the disk acts as an interface between the 
unsaturated soil and the pore water pressure measuring system. This allows the pore 
water pressure in the soil to apply a pressure to the water in the measuring system, where 
a reading of the pore water pressure in the soil can be taken. Once the matric suction 
exceeds the air entry value of the disk, air will enter the pore water pressure measuring 
system causing bubbles to take up part of the volume in the measuring device, thus the 
pore water pressure measuring system can no longer be used to measure the pore water 
pressure in the soil. 
A device that uses the principals of the high air entry ceramic disk is a 
tensiometer. A tensiometer consists of a high air entry, porous cup connected to a 
pressure measuring device through a small bore tube. The tube and the cup are filled with 
deaired water.   The tensiometer should be placed directly against the soil. Once 
equilibrium is achieved between the soil and the measuring system, the water in the 
tensiometer will have the same negative pressure as the pore water in the soil. 
2.3 Soil Water Characteristic Curves (SWCC) 
2.3.1 Relationship between Degree of Saturation and Suction 
The soil water characteristic curve (SWCC) is a relationship between the amount 
of water in the soil and the suction of the soil. The SWCC provides important information 
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for deriving unsaturated soil property functions for the coefficient of permeability, shear 
strength and volume change.  
Figure 2.4 shows the three stages related to unsaturated soil.  The first stage in the 
drying direction is the capillary saturation zone. In this zone the pore water is in tension, 
however, the soil remains relatively saturated.  The second stage is the desaturation zone. 
In this zone the water is increasingly displaced by air in the pores. The desaturation zone 
ends at the residual water content, where pore water becomes essentially immobile within 
the soil matrix. The zone of residual saturation is where the liquid water is held to the 
soil. In this zone there is little hydraulic flow through the pores; however, there may be a 
small amount of film flow.   The zone of residual saturation ends at oven dry conditions. 
The relationship between the degree of saturation and suction is different 
depending on whether the soil is drying or wetting. The primary wetting curve of a 
SWCC is obtained by wetting an air-dried sample until it is fully saturated. The primary 
drying curve is obtained with the opposite procedure; a fully saturated soil sample is 
dried to the dry condition. An important feature observed in the two curves is that the 
wetting curve for a given soil is considerably different from the drying curve and the 
suction in the drying phase is always greater than the suction in the wetting phase for a 
given degree of saturation, refer to Figure 2.4 (Ng and Pang, 2000; Parlange, 1976; 
Mualem, 1977; Mualem, 1984; Jaynes, 1985; Hogarth et al., 1988; Nimmo, 1992; Pham 
et al., 2003; Yang et al., 2004). Though there are differences between the two curves 
typically the moisture-suction relationship is represented with a single curve in analytical 
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and numerical modeling (Brooks-Corey, 1964; van Genuchten, 1980; Fredlund and Xing 
,1994; Frydman and Baker, 2009). 
 
 
Figure 2.4-Typical Regions of Soil Water Characteristic Curve  
 
SWCCs are also influenced by the soil type. Figure 2.5 shows three typical soil 
water characteristic curves for clay, silt and sand. The slope of the curve is flatter in the 
desaturation zone for finer particles. The air entry value also tends to increase as the soil 
particles become finer. These observations in the behavior of suction and degree of 
saturation for wetting and drying and different soil types are used to develop 
mathematical models representing the SWCC. 
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Figure 2.5- Typical Shapes of Soil Water Characteristic Curves for Sand, Silt and Clay 
 
2.3.2 Mathematical models for SWCC 
There are many mathematical models developed by researchers for predicting the 
moisture-suction relationship in unsaturated soil. The majority of the models are 
successful in predicting the observed relationship between the degree of saturation and 
suction. Gardner (1956), Brooks and Corey (1964), van Genuchten (1980), McKee and 
Bumb (1987), Kosugi (1994) and Fredlund and Xing (1994), Frydman and Baker (2009) 
are some of the models found in the literature.  
Three models commonly used in research are the Brooks-Corey model, the van 
Genuchten model and the Fredlund and Xing model. The van Genuchten model was used 
in this research.  The van Genuchten model provides a single equation for the entire range 
of degrees of saturation. The model contains three fitting parameters with physical 
meaning, which allow the model to fit to a wide range of soil types. Each of the soil 
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parameters effects can be distinguished from the effect of the other two parameters. The 
model is given by the following equation: 
mna
S


 

)( 1
1      

 
(2.13) 
where a, n and m are the fitting parameters. In this model a is related to the inverse of the 
air-entry value.  a also determines the location of where the slope of the curve begins. 
The slope of the curve is affected by the parameters n and m. The influence of the 
parameter m is significant in the high suction range compared to the low suction range. 
 A new model developed by Krishnapillai and Ravichandran solve many of the 
practical issues in implementing advanced models and the correction factor in the model 
provides a reasonable range to ensure numerical stability. In future research projects this 
model can be implemented for greater accuracy at high levels of suction (Krishnapillai 
and Ravichandran, 2012). 
 
2.4 Pile Foundations  
2.4.1 Introduction  
Typical Foundation Design Procedure 
The first steps to designing a typical foundation are illustrated in the flow chart in 
Figure 2.6. When the decision has been made to use a deep foundation and the selected 
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deep foundation type is a driven pile the steps in the design are illustrated in Figure 2.7. 
The construction phase for piles is also very important. This phase is illustrated in Figure 
2.8. These flow charts follow the foundation design flow charts in the Design and 
Constriction of Driven Pile Foundations Reference Manual-Volume 1(Hannigan, 2006).  
Need for and Selection of a Deep Foundation 
It is necessary to systematically consider various foundation types. Foundation 
types include shallow foundations consisting of spread footing or mat foundations with or 
without ground improvement; and deep foundations consisting of driven piles, micropiles 
or drilled shafts. A selection can be made on the superstructure requirements, the 
subsurface conditions, and foundation cost. Common situations where piles are needed 
are described in the following paragraphs. 
 The most common use for a deep foundation is when the upper strata are too 
compressible or weak to support heavy vertical loads, thus the deep foundation transfers 
the load to a dense stratum within reasonable depth.  This type of pile is called a point 
bearing pile.  A pile without a dense stratum within a reasonable depth has the load 
carried by skin friction developed at the side of the pile.  Another common need for a pile 
foundation is lateral loading, which is resisted by the pile through bending.  
Special situations also require deep foundations, such as when scour around 
footings could cause loss of bearing capacity at shallow depths or when shallow 
foundations would loss bearing capacity during an earthquake because of liquefaction 
susceptible layers near the surface. Expansive or collapsible soils can also give reason for 
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constructing deep foundations. A pile foundation can support multiple loading situations 
and be economical with the proper design and group configurations. 
Common Pile Types 
Common pile types include timber piles, steel H-piles, steel pipe piles, precast 
concrete piles, cast in place concrete piles and composite piles. 
Steel Pipe Piles  
Pipe piles consist of seamless, welded or spiral welded steel pipes in diameters 
typically ranging from 200 to 1220 mm (8 to 48 inches). Pipe piles should be specified by 
grade with reference to ASTM A252.  Steel pipe piles can be used in friction, toe bearing, 
a combination of both, or as rock socketed piles. Pipe piles are commonly used where 
variable pile lengths are required since splicing is relatively easy. Pipe piles are also used 
extensively in seismic areas (Hannigan, 2006). 
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Figure 2.6- Beginning of Foundation Design Process (Hannigan, 2006) 
1: Establish Global Project Performance Requirements
2: Define Project Geotechnical Site Conditions
3: Determine Preliminary Substructure Loads
and Load Combinations at Foundation Level
4: Develop and Execute Subsurface Exploration and
Laboratory Testing Program for Feasible Foundation
Systems
5: Evaluate Information and Determine Foundation
Systems for Further Evaluation
6: Deep Foundations Shallow Foundations
7: Select Candidate Driven Pile Foundation Types and
Sections for Further Evaluation
Evaluate Other Deep Foundation Systems
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Figure 2.7- Driven Pile Design Process (Hannigan, 2006) 
 
8: Select Static Analysis Method and Calculate
Ultimate Axial Capacity vs Depth
9: Identify Most Economical Candidate Pile Types
from Plots of Ultimate Capacity vs Depth and Cost
per MN (ton) vs Depth
10: Driveability of Candidate Pile Types to Pile Penetration
Depth(s) and Ultimate Capacity Sufficient?
No
Iterate and
Return to Block
7, as necessary
11: Select 1 to 2 Candidate Pile Types,
Ultimate Capacities and Pile Penetration Depths
for Trial Pile Group Sizing
Yes
12: Evaluate Group Axial, Lateral, and Rotational
Capacities, Settlement, and Performance of
Trial Pile Group Configurations
13: Size and Estimate Cost of Pile Cap for Trial Groups
14: Summarize Total Cost of Candidate Pile Types,
Group Configurations and Pile Caps
15: Select and Optimize Final Pile Type, Ultimate Capacity
Group Configuration, and Construction
Control Method
16: Does Optimization Design Meet Performance, Constructability
and Drivability Requirments
17: Prepare Plans and Specifications Including Field
Capacity Determination Procedure
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Figure 2.8- Construction Phase for Driven Pile (Hannigan, 2006) 
 
18: Select Contractor
19: Perform Wave Equation Analysis of Contractor's
Equipment Submission, Accept or Reject
20: Set Preliminary Driving Criteria
21: Drive Test Piles and Evaluate Capacity
22: Adjust Driving Criteria or Design
23: Construction Control.
Drive Productive Piles, Resolve
Any Pile Installation Problems
24: Post Construction Evaluation and
Refinement for Future Designs
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2.4.2 Static Analysis Methods 
Examples of Typical Axial Capacity Analyses for Cohesionless Soils  
Meyerhof Method Based on Standard Penetration Test (SPT) Data (1976): 
The Meyerhof Method uses existing empirical correlations between Standard 
Penetration Test (SPT) results and static pile load tests. Because the method is based on 
SPT test data which can be influenced by numerous factors, preliminary estimates of 
static pile capacities for cohesionless soils can only be determined. 
Average unit pile resistance, sf , of driven displacement piles in kPa is in equation 2.14. 
kNsf 100'2   (2.14) 
where 
'N =average corrected SPT resistance value in blows per 300 mm (1ft) 
The average pile resistance, sf , of driven nondisplacement piles in kPa is in equation 
2.15 
kNsf 100'  (2.15) 
where 
'N =average corrected SPT resistance value in blows per 300 mm (1ft) 
The unit toe resistance, tq , in kPa is in equation 2.16. 
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 
BNb
BDONBN
ONtq '400
'40'40
'400   (2.16) 
where  
'ON =Average corrected SPT N’ value for the stratum overlying the bearing stratum (0 if 
uniform cohesionless stratum) 
BN ' =Average corrected SPT N’ value of bearing stratum 
BD =Pile embedment depth into the bearing stratum in meters 
b =Pile diameter in meters 
Nordlund Method (1963): 
The Norlund Method is based on field observations and considers the shape of 
pile taper and its soil displacement in calculating the pile resistance. The differences in 
the soil-pile coefficient of friction for different pile materials are also considered.  
According to the Nordlund Method the ultimate capacity, uQ , of a pile in cohesionless 
soil is the sum of the frictional resistance, Rs, and the toe resistance, Rt.  Equation 2.17 is 
the Nordlund Method equation for calculating the ultimate capacity of a pile. 
 
  tptAqNtddC
Dd
d
dpFCKuQ '
0 cos
sin 
 


   (2.17) 
where  
d =Depth 
33 
 
D =Embedded pile length  
K =Coefficient of lateral earth pressure at depth d 
FC =Correction factor for K  when    
 =Soil friction angle 
dp =Effective overburden pressure at the center of depth increment d. 
 =Friction angle between the pile and the soil 
 =Angle of pile taper from vertical 
dC =Pile perimeter at depth d 
d =Length of pile segment 
t =Dimensionless factor (dependent on pile depth-width relationship) 
qN ' =Bearing capacity factor 
tA =Pile toe area 
tp =Effective overburden pressure at the pile toe 
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Example of Typical Lateral Capacity Analysis for Cohesionless soils 
p-y model: 
Research on the p-y method was first sponsored by the petroleum industry in the 
1950’s and 1960’s. Piles were designed for platforms that were to be subjected to 
exceptionally large horizontal forces from waves and wind. The use of the method has 
been extended to the design of onshore foundations.  
Figure 2.9 (a) shows a uniform distribution of unit stresses, normal to the wall of 
a pile; this would be the case if the pile has not experienced bending. If the pile is caused 
to deflect a distance y, the distribution of unit stresses will be similar to Figure 2.9 (b). 
The stresses will have increased in the direction of movement and decreased on the 
opposite side of the pile. Some of the unit stresses have both a normal and a shearing 
component.  
Integration of the unit stresses results in the quantity P, which acts opposite the 
direction of y. The dimensions of P are load per unit length of the pile. Thus the soil 
resistance P is a nonlinear function of pile deflection y (Reese, 2004).  
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Figure 2.9- Distribution of Unit Stresses against a Pile before and After Lateral 
Deflection (Reese, 2004) 
 
2.4.3 Piles in Unsaturated Soils 
There is currently no special design procedure for piles in unsaturated soils. 
Geotechnical engineers usually assume it is conservative to use saturated soil to model 
soil structure interaction problems. In lateral pile design a saturated soil analysis will 
result in larger displacements at a given load compared to using unsaturated soil 
properties. This is not conservative if the actual lateral foundation response is 
significantly stiffer than analyses indicate, resulting in problems with the pile 
performance and the structural performance as a whole (Weaver and Grandi, 2009).  
2.5 Methods of Understanding Complex Soil-Pile Coupling Behaviors 
There are numerous methods for studying the effects of soil-pile coupling behavior, 
such as full scale modeling, centrifuge modeling, scaled 1g modeling, and various forms 
of numerical modeling. 
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In this research centrifuge modeling is selected as one of the methods to understand 
the complex soil-pile coupling behavior. Centrifuge modeling is less expensive than full 
scale modeling and has been extensively used for understanding dynamics of soil and 
soil-pile systems and the factors affecting their overall behavior (Wilson, 1998; Abdoun 
et al., 1997; Liu and Dobry, 1995; Finn and Gohl, 1987; Chang and Kutter, 1989; Café, 
1991; Leung and Ko, 1993; Rashidi, 1994; Honda et al., 1994; Horikoshi et al., 1997; 
Michael et al., 1998; Bruno and Randolph, 1999; Ross et al., 1999; Scott et al., 2007; 
Wang et al., 1998). These studies, though, were performed on soils in fully saturated and 
dry conditions. The results from these studies have been incorporated into the design of 
earthquake resistant structures, but these studies cannot be applied to understanding the 
effects of unsaturated soils on the soil-pile coupling behavior. 
Another method selected for modeling the behavior of soil-pile coupling is finite 
element modeling. There are numerous commercially available programs, but most do 
not incorporate unsaturated soil mechanics into their governing equations. In this research 
the in house program TeraUDysac is used to model the coupled soil and pile behavior in 
unsaturated soils. A detailed explanation of the governing equations and the formulations 
is in Ravichandran and Muraleetharan (2008). 
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3 CENTRIFUGE MODELING AND PREPARATION 
 
Geotechnical centrifuge testing is extensively used for understanding soil and soil-
pile systems. Chapter two gives example to some of the tests that have been performed. A 
centrifuge test can be broken down into two stages: model development and physical 
model preparation. The model development stage requires following centrifuge scaling 
laws to create a model that closely matches the prototype for the research question. Due 
to model constraints decisions must be made about what is most important in modeling 
accurately to achieve the research goals of the experiment. The stage of physical model 
preparation requires taking the plans in the previous stage and building the model. 
Preparation is not complete until all the components of the test are operating and the 
model is ready to spin on the centrifuge. 
Section 3.1 of this chapter discusses centrifuge scaling laws. Appling these laws to 
develop an experimental model for soil-pile coupling behavior in unsaturated soils is 
discussed in section 3.2.  Section 3.3 explains the procedure for making an unsaturated 
soil profile using the steady state infiltration method.  Section 3.4 provides details about 
the instrumentation used for collecting the data in this centrifuge test. Section 3.5 
contains the procedure used for constructing each sample at the University of Colorado at 
Boulder centrifuge lab. 
38 
 
3.1 Centrifuge Scaling Laws  
Soil properties are highly stress dependent. In centrifuge modeling the confining 
stresses in the model and prototype are equal. All centrifuge scaling laws are based on 
this important one to one relationship.  
An example of the stress relationship for the centrifuge model compared to the 
prototype is shown in Figure 3.1.  Figure 3.1 A shows the prototype with a prototype 
length of LP. The stress is calculated at a depth d , thus stress is equal to gdp   . 
Where  , is the density of the soil, and g  is Earth’s gravitational acceleration. Figure 3.1 
B shows the model length (Lm) which is half of Lp. If this model has a centrifugal 
acceleration of 2*g then the stress is equal to gddgm   )2/)(2( . Thus the scaling 
relationship for stress is equation 3.1.  
1/*  pm    (3.1) 
Other important centrifuge scaling laws are recorded in Table 3.1.  Centrifuge 
scaling laws are typically written in the form of a scaling factor N. The relationship of the 
scaling factor N to centrifugal force is demonstrated by assuming scaling relationships for 
length and density: NPLmLL /1/
*  and 1/*  pm   (when the same 
materials are used for the model and the prototype). Stress can be written in the form of 
equation 3.2 with these scaling law relationships.  
**** Lg   (3.2) 
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Figure 3.1- Centrifuge Model Compared to Prototype Stress 
 
Through substitution (equation 3.3) and rearranging (equation 3.4) it can be shown that 
the scaling relationship for the acceleration of the centrifuge and the acceleration of 
gravity on earth is equal to the scaling factor N.  
****11 Lg  (3.3) 
pm ggNLg //1
**   (3.4) 
A
B
d
Lp
d/2
Lm
stress
stress
40 
 
Table 3.1- Typical Centrifuge Scaling Laws (Garnier and Gaudin, 2007) 
Parameter Scaling Law 
Stress and Pressure  1 
Density  1 
Length and Displacement 1/N 
Force 1/N2 
Mass 1/N3 
Dynamic Time 1/N 
Dynamic Velocity 1 
Dynamic Acceleration N 
Diffusion Time  1/N2 
 
 Many more scaling relationships are recorded in a catalogue prepared by the 
Technical Committee TC2-Physical Modeling in Geotechnics (Garnier and Gaudin, 
2007).   
3.2 Design of a Model for Understanding Soil-Pile Coupling Behavior in 
Unsaturated Soils and the Models Constraints 
 
3.2.1 Prototype Design 
The goal of this research was to study the effects of static and dynamic lateral 
loading on a typical South Carolina Department of Transportation bridge pile in a soil 
with different degrees of saturation. A pipe pile with a 14 in diameter (35.56 cm) and a 
thickness of 0.375 in (9.53 mm), typically designated as PP14 x 0.375, was selected. The 
typical axial service state load per pile in a bridge system was estimated to be 90 kips 
(400.33kN). This service state load was selected for the prototype pile. A specific pile 
length was not selected, but it was required that the prototype pile behave as a long pile. 
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3.2.2 Soil Selection for Model 
The soil selected for modeling the soil-pile coupled response was F-75 Ottawa 
sand. The sand has enough fines to retain water to suctions over 10 kPa (Ghayoomi, 
2011). The geotechnical properties for Ottawa sand are in Table 3.2.  A relative density 
of 80% was selected for the model and parameters related to this density selection are 
included in Table 3.3. 
Table 3.2- Geotechnical Properties for F-75 Ottawa Sand (Ghayoomi, 2011) 
Property Description 
Mineralogy Quartz, 99.8 % SiO2 
Grain shape Rounded  
Specific gravity (Gs) 2.65 
Uniformity Coefficient (Cu) 1.71 
Coefficient of Gradation (Cc) 1.01 
emin,emax 0.49,0.80 
 
Table 3.3- Properties for F-75 Ottawa Sand with a Relative Density of 80% 
Property Description 
Dry Unit Weight (γd) (kN/m3) 16.75 
Saturated Unit Weight (γsat) (kN/m3) 20.24 
Void Ratio (e) 0.552 
Porosity (n) 0.356 
Friction Angle (φ) 36 
 
3.2.3 Efficient Model Design and Test Method  
Centrifuge tests are typically classified as destructive or non-destructive.  In 
destructive tests the original parameters of the soil are changed and there is no way to 
calculate what the new parameters of the soil are.  In non-destructive tests there is a way 
to calculate the new parameters using model instrumentation. Soil-pile interaction 
problems are a destructive test, since the interaction of the soil with the pile creates a 
non-uniform and non-measurable soil profile around the pile.  
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Performing a centrifuge test is expensive and the construction of a model is time 
consuming. Destructive testing requires careful planning of the model. With careful 
planning a large amount of data can be collected from one test. One method for collecting 
more data in destructive tests is running multiple tests in each model.  In this model the 
container was divided into three regions to allow for three separate tests. The first region 
consisted of a pile for dynamic testing. The second region consisted of a pile for static 
testing. The third region measured the free field response of the soil under dynamic 
loading. The following paragraphs explain how each region was designed. 
The first region consisted of a model pile with a concentrated mass for dynamic 
testing. The mass was instrumented with an accelerometer labeled as A10 in Figure 3.2. 
This accelerometer read the response of the top of the pile. The pile was also equipped 
with two LVDTs to measure the settlement (L3) and the horizontal displacement in the 
direction of the dynamic motion (L2). The soil in the first region contained four 
accelerometers. Three are spaced in Figure 3.2 to the right of the pile evenly with depth 
(A4, A5, and A8) and the other accelerometer is placed on the left away from the pile at 
the surface of the soil (A9). The accelerometers on the right were closely positioned to 
the pile to determine if the response of the soil is different in soil-pile interaction 
compared to free field response. The accelerometer on left was used to gauge the pile’s 
influence distance on the soil.  The soil in the first region also contained three moisture 
content sensors (WC2, WC5, and WC8) and one pore pressure transducer (PP2). An 
LVDT to measure the settlement of the soil was also positioned near the dynamic pile 
(L4). 
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Figure 3.2- Model Plan for Centrifuge Test  
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The second region consisted of a model pile without a concentrated mass. The 
static pile was tested using a method similar to typical field static tests. A motor system 
pushes and pulls the pile a specified distance. Attached to the system are a load cell and a 
LVDT (L1) for recording the force applied to the pile and the displacement of the pile 
respectively. The pile is instrumented with seven strain gauges on two sides of the pile 
(14 strain gauges total) to measure strain along the length of the pile. The procedure used 
for determining the location of the strain gauges is explained in the next subsection. The 
only instruments in the soil for the static test are moisture content sensors (WC4 and 
WC7). 
The third region was used to measure the free field response of the soil profile. It 
was instrumented with four accelerometers at the same level as the three accelerometers 
for the dynamic pile region (A3, A5, and A7) with an additional accelerometer at the 
sand gravel interface (A11). The purpose of the gravel layer is explained in the next 
section describing the steady state infiltration system. The region also contains three 
moisture content sensors (WC1, WC3, and WC6), one pore pressure transducer (PP1) 
and another LVDT (L5) to measure settlement. 
It is important to limit the interaction between container walls and other tests in the 
container.  The container selected for the model was the largest container available that 
can be attached to the in-flight shake table at the University of Colorado at Boulder. The 
container was a ridged aluminum box with inside dimensions of 30.5 cm x 122 cm x 43.5 
cm; refer to Figure 3.2.  The size of the container was a constraint in the selection of a 
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model pile. The next subsection discusses the selection of the pipe for the model pile and 
the selection of the centrifugal acceleration. 
3.2.4 Selection of Model Pile and Centrifugal Acceleration  
Modeling structural elements is very difficult since the availability of a tube 
matching all the structural parameters is usually not possible. In order to get the best 
results for the research question the parameters need to be prioritized for matching. In 
this project the parameter for the prototype that was most important to match for the 
model was the flexural rigidity (EI), since lateral loading causes bending in the pile. The 
diameter of the pile is the second most important parameter to match, since the size of the 
pile also has significant effects on the response of the soil-pile system. The thickness of 
the pipe was the third most important parameter to match, since this primarily affects the 
end bearing capacity of the pile. A common method for finding a pipe that will match the 
parameters for the prototype is working with different materials. Aluminum is a common 
material substitute in centrifuge testing. 
Another model constraint was the size of the container. The depth of the container 
is a major constraint for pile models. The model pile had to be 3.5 cm above the bottom 
of the container. This limited the length of the pile in the soil to 38.5 cm to allow for a 1 
cm clearance between the top of the box and the surface of the soil. A model pile 38.5 cm 
or less had to be selected and the model had to carry an ultimate load capacity scaled for 
a 400.33 kN prototype load with a safety factor of at least 2.  
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With these constraints and the variable of centrifugal acceleration, a spreadsheet 
can be used to iteratively determine the best tube to pick and the centrifugal acceleration 
to spin the model at to match the prototype with the model. Table 3.4 contains the final 
design parameters for the model pile, with comparisons to the prototype and an optimal 
but not commercially available model pile. It was determined that with the commercially 
available tubes spinning at 50 g with a 0.64 cm aluminum tube was the best option.  
Table 3.4- Prototype and Model Pile Parameters for Centrifuge Test 
 N 
Diameter 
(cm) 
Wall Thickness 
(cm) 
Length 
(cm) 
E 
(Nm-2) I (m
4) EI (Nm2)
Prototype (steel)  35.56 0.9525 1925 
2.00E+
11 
1.55E-
04 
3.10E+
07 
Exact Match Model (steel) 50 0.71 0.02 38.50 2.00E+11 
2.48E-
11 4.96 
Commercially Available Aluminum Tube 
Model (T6 6061) 50 0.64 0.15 38.50 
6.89E+
10 
7.32E-
11 5.05 
Prototype Back Calculation of Aluminum 
Tube Model  31.75 7.366 1925 
6.89E+
10 
4.58E-
04 
3.15E+
07 
 
Another step is required after selecting the g level for the model, selecting the g 
level for spinning the centrifuge. Since rg 2 , where  is the angular velocity and r is 
the radius of curvature, the sample varies in g with depth due to the difference in radius 
of curvature along the depth of the box.  The selected part of the model where the g was 
matched was in the center of the box. The centrifugal acceleration at the University of 
Colorado at Boulder is measured on the base of the centrifuge basket. The basket is 5.6 m 
from the center of the centrifuge, reducing the distance by half the depth of the box and 
the height of the shake table, the centrifuge had to have a g level of 54.2 g to achieve 50 g 
in the center of the container. 
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3.2.5 Bearing Capacity Check for Selected Model Pile 
 The point bearing capacity of the prototype pile was estimated using Meyerhof’s 
method (1976). The frictional resistance of the pile was estimated using Coyle and 
Castello’s method (1981). The values calculated for each of the methods and the safety 
factors for dry and saturated soil are in Table 3.5. All the safety factors for the bearing 
capacity are significantly greater than the required safety factor.  
Table 3.5- Bearing Capacity of Prototype Pile  
 Dry Ottawa Sand  Saturated Ottawa Sand 
Point Bearing Capacity (kN) 3906.80 2432.71 
Frictional Resistance (kN) 1906.02 1186.85 
Ultimate Load Carrying Capacity (kN) 5812.82 3619.56 
Safety Factor 14.5 9 
 
3.2.6 Preliminary Computational Simulation to Determine Lateral Loading 
Capacity and Instrumentation Locations on Pile 
With the model pile selected and the prototype length determined the next step in 
the model design was to determine the appropriate loading for the static test. To 
determine acceptable loading conditions the failure criteria for bending, shear and axial 
loading were determined for the prototype pile. The values for yielding and complete 
failure are recorded in Table 3.6.  
Table 3.6- Maximum Bending, Shear, and Axial Loading Values for Steel Prototype 
Based on Yielding and Failure Stresses of Steel 
 Yielding Complete Failure 
Maximum Bending (kN-m) 216.59 348.95 
Maximum Shear (kN) 1285.03 2070.32 
Maximum Axial Load (kN/m2) 3984179.22 6418955.41 
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LPILE was used to systematically test load conditions. The responses of the loads 
were then compared to the values in Table 3.6.  The static pile test was modeled in 
LPILE with displacement and moment pile head conditions controlled. The moment at 
the top of the pile was set equal to zero for modeling a free end pile condition. The 
displacement was varied to determine a displacement that would not cause the pile to 
begin to yield. The parameters for the pile and the parameters for Ottawa sand with a 
relative density of 80% for both the dry and saturated condition are recorded in Table 3.7. 
The suggested values from the LPILE manual for the parameter k are based on relative 
density and whether the sand is submerged or above the water table. A soil with a relative 
density of 80% is considered a dense soil. The p-y curve model by Reese et al. (1974) 
was used to model the soil-pile interaction.  
Table 3.7- LPILE Parameters 
Parameters for Pile Value 
Total Pile Length (m) 20.1 
Number of Increments  100 
Distance from Pile Top to Ground Surface (m) 0.85 
Combined Ground Slope and Batter Angle (degrees) 0 
Diameter (m) 0.3556 
Moment of Inertia (m4) 0.000155515 
Area (m2) 0.010355834 
Modulus of Elasticity (kN/m2) 200000000 
Parameters for Dry Ottawa Sand Value 
Effective Unit Weight (kN/m3) 16.75 
Friction Angle (deg) 36 
p-y Modulus, k, (kN/m3) 61000 
Parameters for Saturated Ottawa Sand Value 
Effective Unit Weight (kN/m3) 10.43 
Friction Angle (deg) 36 
p-y Modulus, k, (kN/m3) 33900 
 
The responses for a pile head displacement of 1/4 the diameter of the pile (8.89 
cm) are plotted in Figure 3.3. The responses plotted include displacement, shear force and 
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bending moment along the length of the pile for dry and saturated conditions. As 
expected the saturated condition has a smaller bending moment and shear force than the 
dry condition. The peak forces for the saturated condition are also located at a depth 
greater than the peak forces for the dry condition. Since failure is controlled by the dry 
condition the maximum values for the dry condition were compared to the values in 
Table 3.6.  
 
 
Figure 3.3- LPILE Models for Push of ¼ of Diameter of Pile (8.89 cm) 
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moment for the steel prototype pile, thus the pile would fail and it is determined that the 
pile is bending moment failure controlled. 
Figure 3.4 plots the results for a displacement of 4.44 cm. The maximum bending 
moment in the dry soil is 197 kN-m. This value is less than yielding and is the initial 
value used for commanding the motor to push the pile.  
 
Figure 3.4- LPILE Models for Push of 1/8 of Diameter of Pile (4.44 cm) 
 
 
The bending moment curve was also used to position the strain gauges along the 
pile. Gauges were placed at the top of the pile to capture the shape and magnitude of the 
bending moment curve. Two gauges were placed at a depth greater than the depth where 
the magnitude of the moment is zero. Figure 3.5 is a drawing of the gauge placement on 
-4 0 4 8
Displacement (cm)
20
18
16
14
12
10
8
6
4
2
0
-2
D
ep
th
 (m
)
Dry
Saturated
-100 0 100
Shear Force (kN)
20
18
16
14
12
10
8
6
4
2
0
-2
D
ep
th
 (m
)
Dry
Saturated
-200 0 200
Bending Moment (kN-m)
20
18
16
14
12
10
8
6
4
2
0
-2
D
ep
th
 (m
)
Dry
Saturated
51 
 
the pile. Gauges were placed on both sides of the pile following the drawing in Figure 3.5 
for a total of 14 strain gauges. One side of the pile had odd numbered gauges and the 
other side of the pile had even numbered gauges. The lowest numbered gauge is at the 
top of pile and is numbered increasingly towards the bottom. 
The planned displacement history of the pile for the static test is plotted in Figure 
3.6.  The push of 4.44 cm in prototype scale is 0.888 mm in model scale when the 
centrifuge acceleration is 50 g.  The planned model push rate was 0.1667 mm per second. 
The order of the static pile started by the pile being pushed 0.888 mm. Once the pile 
reached this displacement the pile was pulled through the center position 1.776 mm to the 
position -0.888 mm from center. The pile finished the cycle by being pushed back to 
center. The complete cycle takes 214 seconds to complete. Due to the limited water 
supply for the steady state infiltration system discussed in the next section, the static test 
was limited to one cycle.  
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Figure 3.5- Strain Gauge Placement on Static Pile  
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Figure 3.6- Planned Displacement History for Static Pile Push and Pull 
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3.3 Steady State Infiltration Method for Soil-Pile Interaction in Unsaturated Soils 
3.3.1 Overview of Steady State Infiltration Method 
The Steady State Infiltration Method (Zornberg and McCartney 2010) and the 
Drainage-Recharge Method (Yegian et al. 2007) are names given to a procedure for 
achieving a uniform target degree of saturation in a soil profile in centrifuge modeling. 
The objective of this method is to have the flow in equal the flow out creating a uniform 
degree of saturation in the soil profile. The inflow and outflow is adjusted to create 
profiles with different degrees of saturation. The setup for the method is illustrated in 
Figure 3.7.  
 
Figure 3.7- Setup for Steady State Infiltration Method 
 
Air Filled
Membrane
Water at
80 psi
Tank 1
Ottawa
Sand
Gravel
Tank 2
q in
q out
Servo
Valve
#2
Saturation Line
Connection
Valve
#5
Shake
Table
Valve
#1
Valve
#2
Valve
#3
Servo
Valve
#1
Valve
#4
Differential
Pressure
Transducer
Nozzles
Water
55 
 
3.3.2 Construction of Steady State Infiltration Setup 
The centrifuge setup for the steady state infiltration method consists of three 
major containers the soil container in the center of Figure 3.7, Tank 1 and Tank 2.  The 
containers are connected with a system of valves, tubing, and nozzles. The construction 
process is explained in this section. 
The construction of the drainage system in the box required drilling holes into the 
side of the container. Once the holes are drilled each hole is tapped to thread the hole for 
the connectors (Figure 3.8). A brass tube fitting, male branch tee was used as the 
connector from the box to the tubes. The brass tee was connected to an extender that 
allowed for the brass tee to be screwed into the side of the box without hitting the lip on 
the box. The male branch was a ¼ inch NPT. All connections were taped to prevent 
leakage and ¼ inch tubes were fitted between each of the brass tees.  After the entire 
drainage system is assembled it is checked for leaks (Figure 3.9). All connections that are 
leaking are repaired until all leaks stop. Due to the increased velocity of fluid while the 
centrifuge is spinning it is important that the drainage system is completely sealed and 
can only allow flow by opening the valve, some leaks at 1 g can be much greater at 50 g.  
The construction of the setup also required the assembly of the infiltration system 
on the rack attached to the box. The nozzles selected for the test were ¼ M 8 Spraying 
System Co. nozzles, based on the specifications of the nozzles the coverage area is 
illustrated in Figure 3.10.  Since the nozzles are pressurized to spray as a mist the 
coverage area allows for infiltration throughout the entire soil profile. The location and 
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height of the nozzles used in the design is then used to construct the rack (Figure 3.11). It 
is important to make sure the paths to each of the nozzles are approximately equal to 
distribute the water equally through all the nozzles.  
Besides the construction of the components on the box, the system in Figure 3.7 
must be constructed. Tank 1 was a Flotec water tank. The valves on the tank are 
connected by piping. The rest of the valves are connected by tubing. Valves labeled 
“Valve” are mechanical valves. Valves labeled “Servo Valve” are valves that can be 
controlled electronically while the centrifuge is spinning. Tank 2, the outflow storage 
tank, is made out of aluminum and was constructed by the University of Colorado. The 
saturation line is a brass tube fitting tee on all three connections. When the saturation tube 
is not connected a cape is screwed onto the open end of the tee. 
 
Figure 3.8- Tapping Thread into Drilled Holes on Soil Container 
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Figure 3.9- Checking for Leaks in Drainage System 
 
 
Figure 3.10- Spray Pattern Based on Specifications of Nozzles  
 
 
 
Figure 3.11- Ensuring Equal Distribution of Flow to all Nozzles 
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Another step in the construction of the steady state infiltration method is 
preparing the drainage layer. Coarse gravel was leveled at a depth of 2.5 cm in the box. 
The gravel layer was above all the holes in the box.  On top of the gravel layer a thin 
fabric was taped to the walls of the box (Figure 3.12 (a) and (b)).  This fabric acts as a silt 
screen preventing sand from clogging the drainage system. 
 
 
Figure 3.12- Drainage Layer 
 
 
3.3.3 Procedure for Steady State Infiltration Method in Centrifuge 
Before spinning the steady state infiltration system must be prepared. All valves are 
completely turned off including the servo valves at the beginning of the preparation stage. 
The first step for preparing an unsaturated soil sample is fully saturating the soil by 
connecting a tube between the water supply tank and the saturation line connection in 
Figure 3.7. Valve #5 is opened to allow the water to flow into the box to saturate the soil. 
The water supply is not pressurized to prevent soil disturbances. The only pressure 
allowed is from the elevation change (10 ft (3 m)) between the water supply tank and the 
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bottom of the box. The saturation of the soil can be monitored with the moisture content 
sensors. Once saturation is complete Valve # 5 is shut off and the tube is disconnected. 
The tube for saturation is sprayed clear of water with pressurized air. The tube is 
connected to Valve # 4, the valve is turned to allow pressurized air to enter the tank and 
pressurize the membrane. In order to prevent the tank from holding too much water, 
which could cause failure in the tank legs while the centrifuge is spinning, the air 
membrane is pressurized to 40 psi (275.8 kN/m2). Once the membrane is pressurized, 
Valve # 4 is turned to allow the pressure to flow into the differential pressure transducer. 
The tube is then disconnected from Valve #4. 
With the air membrane in the tank pressurized the tube is attached to Valve # 2 and 
Valve # 2 is opened. The water supply tank used in the saturation process is now 
pressurized to 80 psi (551.6 kN/m2). The pressurized water flows into Tank 1 until the 
tank is full and pressurized. Once the tank is full Valve # 2 is shut off.  
Once these three stages are complete, Valve # 1 should be opened to allow the flow 
of water into the box to be controlled by Servo Valve # 1. Similarly Valve # 5 should be 
opened to allow Servo Valve # 2 to control the outflow from the box. Valve # 3 should 
also be opened so that the water pressure is on one side of the differential pressure 
transducer membrane and air is on the other side of the differential pressure transducer. 
The differential pressure transducer is used as a gauge to determine the level of water in 
the tank. 
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3.4 Instrument Selection and Calibration 
Model instrumentation can be broken into two categories: instrumentation for soil 
and instrumentation for piles. The instrumentation for the soil consists of accelerometers, 
pore pressure transducers, moisture content sensors and linear variable differential 
transducers (LVDTs). The instrumentation of the pile consists of LVDTs and strain 
gauges. 
3.4.1 Soil Instruments and Their Calibration 
The pictures of all the instruments used in the soil are in Figure 3.13. Figure 3.13 
(a) is an accelerometer. There are five models of accelerometers available at the 
University of Colorado centrifuge lab. In this test two models were used. The 
accelerometer number labeled in Figure 3.2 and their corresponding model, serial 
number, sensitivity and range are in Table 3.8.  
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Figure 3.13- Instrumentation for Soil 
 
 
Table 3.8- Accelerometer Sensitivity and Range 
Accelerometer Number Model Serial Number Sensitivity (mv/g) Range (+-g) 
1 352C67 49931 100.6 99.40357853 
2 353B17 152067 10.6 94.33962264 
3 353B17 152070 10.75 93.02325581 
4 352C67 124379 102.2 97.84735812 
5 352C67 49932 99.6 100.4016064 
6 353B17 152066 10.54 94.87666034 
7 353B17 152068 10.28 97.27626459 
8 352C67 124377 102.5 97.56097561 
9 353B17 152069 10.46 95.60229446 
10 353B17 152072 10.35 96.61835749 
11 352C67 124380 98.4 101.6260163 
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The sensitivities and ranges for each accelerometer must be inputted into 
LabVIEW before the collection of data. LabVIEW automatically calibrates the 
accelerometer readings into measurements of g.  Tests with the wrong sensitivities in 
LabVIEW can be mathematically corrected based on the sensitivity that is in LabVIEW 
compared to the sensitivity of the actual instrument. 
Figure 3.13 (b) is a pore pressure transducer. The formulas for calibrating the pore 
pressure transducers are in Table 3.9. 
Table 3.9- Pore Pressure Transducer Calibration 
Pore Pressure Transducer Number  PPT Number Calibration Equation (psi)
1 3 y=561.3x+1.379 
2 5 y=567.9x-1.241 
 
Figure 3.13 (c) is a moisture content sensor. There are two models of moisture 
content sensors available at the University of Colorado, ECH2O EC-TM and ECH2O-
TE. Both models were used due to the number of moisture content sensors needed in the 
model.  A single calibration equation was used to estimate the volumetric moisture 
content reading from the moisture content sensors. The sensor type is in Table 3.10. It is 
important to note that the moisture content sensors are not connected to the centrifuge 
data acquisition system. A separate data acquisition system needs to be used. The 
separate system only allows for five moisture content sensors to be read at a time. The 
other four sensors are recorded on another system which is downloaded after the test is 
complete. 
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Table 3.10- Moisture Content Sensor Model and Calibration 
Moisture Content Sensor Model Calibration Equation 
1 EC-TM y=0.8474x+0.0397 
2 EC-TM y=0.8474x+0.0397 
3 EC-TM y=0.8474x+0.0397 
4 TE y=0.8474x+0.0397 
5 TE y=0.8474x+0.0397 
6 EC-TM y=0.8474x+0.0397 
7 TE y=0.8474x+0.0397 
8 TE y=0.8474x+0.0397 
 
Figure 3.13 (d) is an LVDT measuring soil settlement. LabVIEW automatically 
calibrates the LVDT readings and the raw data output is in inches. The square at the 
bottom of the LVDT probe is preventing the probe from punching through the soil.  
3.4.2 Pile Instruments and Their Calibration 
The piles are both instrumented with LVDTs. The static pile has a single LVDT 
measuring horizontal displacement. The dynamic pile has an LVDT measuring horizontal 
displacement and settlement. All the LVDTs are hot glued to the required positions either 
on the pile or mass to record the appropriate measurements specified in Figure 3.2.  
The static pile is instrumented with strain gauges. Details about how strain gauges 
work and are attached to the data acquisition system can be found in National Instruments 
application notes such as Application Note 078 (1998). In this test quarter bridge circuitry 
was used.  The most important concept to understand is that the gauge resistance must 
equal the bridge resistance. In this test the current resistors in the data acquisition system 
did not match, which required taking the data acquisition system apart and changing the 
resistors. The properties of the strain gauges used in the centrifuge tests are in Table 3.11. 
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Table 3.11- Strain Gauge Specifications 
Brand Tokyo Sokki Kenkyujo Co., Ltd. 
Type FLA-2-23-ILJB 
Gauge Length 2 mm 
Gauge Resistance 120 +/- 0.5 Ω 
Gauge Factor 2.14 
Lead wires 0.12 x 7 
 
The procedure for attaching the strain gauges to the pile and the procedure for 
attaching the wires to the data acquisition system requires careful attention.  The first step 
in attaching the strain gauge to the pile requires preparing the pile surface.  
The first step for preparing the surface is marking the locations of where the 
gauges will be placed on the pile with a permanent marker. The second step requires 
sanding the locations of the gauges on the pile with a fine sand paper (# 240). In the third 
step Micro Measurements Conditioner A is wiped across one of the sanded regions until 
the paper towel is clean.  Neutralizer 5 A is wiped in one direction, to prevent cross 
contamination, across the area with Conditioner A on it in the fourth step. In the sixth 
step a fast curing Tokyo Sokki Kenkyujo CN adhesive is applied to the back of the 
gauge. The center of the gauge is firmly pressed with a thumb on the mark on the pile. 
The heat from the thumb cures the adhesive in about 60 seconds. Steps three through six 
are repeated until all 14 gauges are attached. Once all the gauges are attached an epoxy 
(EP 001) is painted over the gauges to prevent the shorting of the gauges when the soil is 
saturated. 
 All the gauges are wired to a category five cable (Figure 3.14 (a)). One of the two 
lead wires is soldered onto two wires in the cable and the other is soldered onto one. Each 
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category five cable is attached to two strain gauges. A close up picture of a strain gauge is 
in Figure 3.14 (b). A picture of the instrumented pile with the top of the pile on the right 
side of the figure is in Figure 3.15. 
 
Figure 3.14- Strain Gauges and Wiring  
 
 
Figure 3.15- Instrumented Pile 
 
3.5 Procedure for Constructing Centrifuge Model 
3.5.1 Preparing the Soil 
The Ottawa sand was prepared using the pluviation method. The opening where 
the sand comes out of the hopper was maintained at a height of 1.5 m above the surface 
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of the sand in the box. A close up of the hopper is in Figure 3.16 (a). The entire setup is 
in Figure 3.16 (b). The depths for burring instruments were leveled before the 
instruments were inserted. The wires for the instrumentation are loosely placed to allow 
them to move in the sample during the dynamic motion. The excess wire is taped to the 
wall of the box, once the wire is above the box the excess is zip tied into a loop. 
The piles were pushed into the sand at the level where accelerometer 3 and 4 
where placed (Figure 3.2).  
 
Figure 3.16- Pluviation Hopper and Setup 
 
3.5.2 Attaching Lateral Loading Setup  
When the soil reaches the depth where the motor has to be attached to the box, the 
bolts are screwed in with silicone gasket to prevent leaks. Pictures of the motor and arm 
are in Figure 3.17 (a-d).  Figure 3.17 b shows a close up of the clamp used to hold the 
pile. The rod coming off to the left is the LVDT and the metal cylinder on the right is the 
load cell. The large block in the very right of Figure 3.17 b slides two rails that move in 
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and out on four bearings. Figure 3.17 c shows clearly the motor arm and how it is 
attached to the block. The rails are in Figure 3.17 d.  
The angle the motor arm had to move to push the pile 4.44 cm was used to 
estimate the number of counts the motor needed to push the pile. It was estimated that 
295 counts were needed at a rate of 3 counts per second. 
 
Figure 3.17- Motor Setup from Different Angles and Clamp to Hold Pile 
 
3.5.3 Final Preparations before Spinning  
The final preparations start by carefully lowering the box onto the shake table on 
the centrifuge basket. The shake table has two steel L sections attached to it to extend the 
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shake table to the length of the box. Once the box is secured the instrumentation is 
plugged into its respective data acquisition system. All the instrumentation must be 
checked to see if it is in range and operating correctly.  
Once everything is working, everything is secured with claps, straps, and zip ties. 
A view from above with everything secured on the basket is in Figure 3.18 (a).  The final 
step is attaching a plastic cover over the entire box to prevent the water from leaving the 
box (Figure 3.18 (b)).  The last step in preparing the centrifuge test is making sure the 
entire room is clear. Once everything is checked, the top for the centrifuge is placed over 
the opening with the crane (Figure 3.19). 
 
Figure 3.18- Centrifuge Test Setup Top and Side View  
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3.5.4  Testing Procedure 
During the test the model and the centrifuge is controlled in the centrifuge control 
room. While the centrifuge is spinning up to the required g for the test the shake table 
valve is exercised. When the centrifuge is at the desired g the dynamic program 
controlling the shake table is exited and the static program, servo valve control program, 
and moisture content program is opened. In the static program the strain gauges, LVDTs 
and the pressure transducers response are on the screen. The moisture content program 
shows the moisture content read when the scan button is hit. The servo valve control 
program opens the valves on a scale between 1 and 5, where 1 is completely closed and 5 
is completely open. 
 
Figure 3.19- Centrifuge Top and Crane 
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 When the uniform degree of saturation is obtained through the profile, the motor 
operations program is opened and the desired number of counts is entered into the 
program. The pile moves in one direction and once the pile reaches the desired push the 
operation of pulling the pile is entered in separately. The cycle is completed by pushing 
the pile back to center. Immediately after the static program is closed, the dynamic 
program is opened. The shake table is prepared and triggered, this completes the dynamic 
test. Following the completion of the dynamic test the centrifuge is spun down and the 
test is completed.  
 The test is fully completed once all the components of the test are unattached 
from the centrifuge or the data acquisition systems and everything has been cleaned up.  
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4 CENTRIFGUE EXPERIMENTAL RESULTS 
 
The results of four centrifuge tests performed at the University of Colorado 
centrifuge lab are presented in Chapter 4.  Four different saturation profiles were tested. 
The first test was a fully saturated profile, followed by a dry profile and two unsaturated 
profiles with different degrees of saturation. The saturated test cannot be directly 
compared to the three other tests due to the excessive settlement caused by the lateral 
spreading of the soil when the soil container bulged out.  Comparisons between the three 
other tests are given. 
In section 4.1 the saturated results are presented and a discussion of the bulging and 
its effects on the test and instrument readings is given. Section 4.2 presents the results for 
the dry test. The profiles for the degrees of saturation for the unsaturated tests and the 
results are presented in section 4.3 and 4.4. Discussions of the comparisons made 
between the three tests are provided in section 4.5.  
All the results are in prototype scale. The model was scaled for a centrifugal force of 
50 g. All the scaling relationships are in Chapter 3.  
4.1 Saturated Ottawa Sand Test (Sat) (Test 1) 
The saturated test was the first test conducted. During the calibration test the soil 
container had severely bulged out. In order to mitigate the bulging two carpenter clamps 
were attached to the center of the box during the saturated test. Unfortunately the two 
carpenter clamps could not withstand the horizontal load applied and the container bulged 
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out again. The problem was resolved in the dry test (test 2) by having two threaded rods 
cross the container in the direction that the motor pushes and pulls the pile. The rods were 
threaded through the top bolt holes on each side of the container which were used for 
attaching the lateral loading system to the container. A nut and washer on both sides of 
the threaded rod allowed for the rod to replace the bolt and still hold the L-section which 
held the lateral loading system.  When the centrifuge is spinning up and soil stresses 
increase, the load applied to the side of the container is taken by the rods going into 
tension, thus preventing the box from bulging.  
For the saturated test the bulging of the box resulted in the soil settling due to 
lateral spreading. Since the vertical LVDTs went out of range the new soil density could 
not be calculated and the height of the pile column cannot be determined. This 
information is critical for comparing the results to the three other tests. It is also critical 
information for numerical modeling.   Though the results are not beneficial in 
understanding soil-pile coupling behavior, they were useful for planning for the following 
three tests. 
4.1.1 Static Test Results: Saturated 
The static saturated test provided two important facts about the centrifuge test that 
were beneficial for preparing for the following three tests. The first fact was what was 
causing the container to bulge, when it was occurring, and what was happening to the 
static pile when the container was bulging. The second fact was the magnitude of the 
moments for the saturated test. 
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The first fact can be explained from the plots. It was evident that the container 
was bulging as the stresses in the soil increased as the g of the centrifuge increased from 
the vertical LVDT plots. The vertical LVDTs (3, 4, and 5) went out of range before 
recording of the static data started, since recording does not start until the program is 
running and the program is not initiated until the centrifuge reaches the g level for the 
experiment, it can be inferred that the bulging was occurring as the centrifuge was 
spinning up. The horizontal LVDT attached to the dynamic pile also stopped working due 
to the excessive settlement of the dynamic pile. Horizontal LVDT 1 was not affected by 
the settlement and is plotted in Figure 4.1. The movement of the static pile from this 
bulging is explained in Figure 4.1, which shows a positive movement initially. The 
LVDT core was pulled in the outward (positive direction) of the coil assembly, thus as 
the container bulged the pile was pulled towards the motor side of the box. The initial 
displacement is negative since all the static plots in this chapter are zeroed where the 
pushing and pulling of the pile with the motor begins.  The lateral load applied to the top 
of the pile is in Figure 4.2. The conclusion that the pile is moving towards the motor after 
the bulging of the box is also supported by the load cell going into compression at the 
beginning of the test before the pile is pushed.  
The magnitudes of the moments compared to the displacement and load histories 
from the pushing and pulling caused by the motor provided another fact about the 
centrifuge test. The displacement history of the pile caused by the motor is clearly shown 
in Figure 4.1 after approximately 27500 seconds. The maximum displacement for the 
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first push was 2.24 cm.  The load applied to the top of the pile to cause the displacement 
is in Figure 4.2.  The maximum load applied during the first push of the cycle was 55 kN.  
The bending moments applied to the pile are calculated from the strains recorded 
by the strain gauges. The bending moments for the pile are plotted with time in Figures 
4.3 and 4.4. The strain gauges that were not functioning during the test were not plotted 
(1, 2, 3, and 14). The maximum recorded moment in the first quarter of the cycle or first 
push was 48 kN in Figure 4.3 for gauge 6. The maximum recorded moment in the first 
push in Figure 4.4 is 50 kN for gauge 5. The reduction in the moment compared to the 
LPILE model could be due to the greater column height, but there should also have been 
an increase in moment from the denser soil. These results give confidence that pushing 
the pile the full distance estimated in LPILE with no safety factors was appropriate for 
the next test. 
 
Figure 4.1- Prototype Displacement at Top of Pile in Saturated Ottawa Sand with Time 
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Figure 4.2- Prototype Load at Top of Pile in Saturated Ottawa Sand with Time 
 
 
Figure 4.3- Prototype Moments along Pile Depth for Side One of Pile in Saturated 
Ottawa Sand with Time  
 
 
Figure 4.4- Prototype Moments along Pile Depth for Side Two of Pile in Saturated 
Ottawa Sand with Time 
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4.1.2 Dynamic Test Results: Saturated 
The dynamic saturated test provided a third fact about the centrifuge test. From 
the plots of acceleration with time (Figures 4.5, 4.6, 4.7), it was evident that the base 
motion applied to the container was enough for an earthquake motion to propagate 
through the soil profile. There was concern that a container with a very large mass would 
constrain the shake table and only small vibrations would propagate to the surface of the 
soil.   
The spectral acceleration plots also cannot provide very good data about 
differences in the soil-pile coupled response, since the soil would have settled and spread 
differentially in the container. The differential spreading and settlement is due to large 
amount of bulging occurring at the center of the box and much less occurring at the side 
which are very ridged.  The data is still useful to discuss, though no conclusions can be 
made from it. 
From Figure 4.8 a it is evident that accelerometer 7 was not working correctly, but 
from accelerometer 8, which is next to the pile and accelerometer 9, which is located 
away from the pile, the plots show different spectral accelerations especially after 0.5 
second period. Accelerometer 8 has higher spectral accelerations than accelerometer 9 
until periods exceeding 3 seconds where the two begin to merge. One possible reason for 
higher spectral accelerations near the pile is the soil is made very loose near the pile due 
to the piles dynamic motion. Figure 4.8 b shows the different shapes for the spectral 
acceleration of the top of the pile compared to the spectral acceleration for the soil. It is 
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expected that the two spectral accelerations would be different and that the soil spectral 
accelerations would be higher at lower periods. 
 
Figure 4.5- Prototype Input Acceleration at the Soil Gravel Interface in Saturated Ottawa 
Sand with Time 
 
 
 
Figure 4.6- Prototype Soil Surface Acceleration in Saturated Ottawa Sand with Time 
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Figure 4.7- Prototype Acceleration of Top of Pile in Saturated Ottawa Sand with Time 
 
            
        
Figure 4.8- Comparisons of Free Field Responses and Response near Pile and Response 
on Top of Pile and Next to Pile in Saturated Ottawa Sand 
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4.2.1 Static Test Results: Dry 
In Figure 4.9 the movement of the pile is plotted based on the measurements from 
LVDT 1. From this figure it is clear that the motor movement is difficult to control and 
did not follow the planned displacement history plotted in Figure 3.7. The motor can only 
be programed to move in one direction, when the pile needs to change direction the motor 
must be stopped and the new direction must be programed in. The motor turned at a 
constant rate and exact counts related to the rate of movement were programed in, but the 
motor system (motor, arm, block, and clamp holding the pile) did not move with a 
constant rate. At certain times the motor system would overcome large amounts of 
friction and move the pile very quickly, while other times the motor would be turning and 
the pile would not move. The motor overcoming large amounts of friction is clearly 
plotted between 3000 and 4000 seconds in Figure 4.9.  The maximum displacement of 
the pile in the first push is 6.01 cm. 
The load applied to the top of the pile measured by the load cell is plotted in 
Figure 4.10.  When the motor overcame the large amount of friction a large load was 
applied to the pile for an instant and then the load stabilized. The maximum load applied 
to pile was 97 kN in the first push.  
The bending moments for the pile are plotted with time in Figures 4.11 and 4.12. 
The maximum moment in Figure 4.11 for the first push is 112 kN.  The maximum 
moment in Figure 4.12 for the first push is 110 kN. A discussion of moments with a 
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given displacement with depth for the centrifuge test and the LPILE Reese model is given 
in section 4.5. 
 
 
 
Figure 4.9- Prototype Displacement at Top of Pile in Dry Ottawa Sand with Time 
 
 
Figure 4.10- Prototype Load at Top of Pile in Dry Ottawa Sand with Time 
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Figure 4.11- Prototype Moments Along Pile Depth for Side One of Pile in Dry Ottawa 
Sand with Time 
 
 
Figure 4.12- Prototype Moments Along Pile Depth for Side Two of Pile in Dry Ottawa 
Sand with Time 
 
4.2.2 Dynamic Test Results: Dry 
The input motion at the gravel sand interface is plotted in Figure 4.13. The peak 
input acceleration was 0.487 g. The surface response accelerations were measured at 
three locations. A7 is the free field response with a peak acceleration of 0.489 g. A8 is 
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the pile is plotted in Figure 4.15. The peak acceleration at the top of the pile was 0.558 g.  
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The spectral acceleration plot for the surface motions are plotted in Figure 4.16 a. 
There is not a significant difference between the plots for the three different locations 
measured on the surface. The soil-pile coupled response was not evident in this test. 
Since there is only one dry test no conclusions can be made on whether dry soil affects 
the magnitude of the soil-pile coupled response.  The spectral acceleration at the top of 
the pile compared to the spectral acceleration near the pile is plotted in Figure 4.16 b. The 
highest spectral accelerations are at much longer periods on top of the pile compared to 
the accelerations of the soil. 
The horizontal displacement of the dynamic pile measure by LVDT 2 is plotted in 
Figure 4.17.  The displacement of the pile is significant; the maximum displacement was 
29.6 cm.  Significant soil softening must have occurred since there was no structural 
damage to the model pile.  The settlement of the pile and the soil is plotted in Figure 
4.18. The pile settlement was measured with LVDT 3 and was 7.5 cm. The surface soil 
settlement was measured with LVDT 4 and 5. LVDT 4 had a settlement of 15.9 cm and 
LVDT 5 had a settlement of 15.4 cm.  In model scale the pile only settled 0.15 cm so it 
was not hitting the soil gravel interface. One possible reason for the pile settling half as 
much as the surrounding soil, could be due to the densification of the soil around the pile 
during model construction. 
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Figure 4.13- Prototype Input Acceleration at the Soil Gravel Interface in Dry Ottawa 
Sand with Time 
 
 
Figure 4.14- Prototype Soil Surface Acceleration in Dry Ottawa Sand with Time 
 
 
Figure 4.15- Prototype Acceleration of Top of Pile in Dry Ottawa Sand with Time 
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Figure 4.16- Comparisons of Free Field Responses and Response near Pile and Response 
on Top of Pile and Next to Pile in Dry Ottawa Sand 
 
 
Figure 4.17- Horizontal Displacement of Dynamic Pile in Dry Ottawa Sand 
 
 
Figure 4.18- Settlement of Soil and Pile for Dry Ottawa Sand 
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4.3 Unsaturated Ottawa Sand Test One (Unsat 1) -Test 3 
The third test was the first unsaturated test.  The volumetric moisture content and 
degree of saturation profile is discussed in the first section. The following sections 
discuss the static and dynamic test results.  
4.3.1 Moisture Content and Degree of Saturation of Unsaturated Profile One 
During Test 3 the steady state infiltration method did not work due to a drainage 
tube breaking at the bottom of the soil container. The broken drainage line caused an 
uncontrolled flow at the bottom of the container, since the flow out of the container could 
not be controlled by servo valve 2 (refer to figure 3.7).  The inflow in this test was also 
not very significant, resulting in a profile with a low degree of saturation. The volumetric 
moisture content for the soil profile and the degree of saturation for the soil profile are 
plotted in Figure 4.19. The volumetric moisture content was determined from the 
moisture content sensor and the degree of saturation was determined by dividing the 
volumetric moisture content by the porosity of the soil in Table 3.3 and multiplying the 
quotient by 100.  
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Figure 4.19- Volumetric Moisture Content and Degree of Saturation for Unsaturated 
Profile One  
 
4.3.2 Static Test Results: Unsaturated Profile One 
Figure 4.20 shows the movement of the pile measured by LVDT 1. It is clear that 
the motor movement like test 2 was difficult to control and did not follow the planned 
displacement history plotted in Figure 3.7. Compared to test 2 where a complete cycle 
was completed, test 3 only had three quarters of a cycle completed. The motor abruptly 
failed and the pile naturally positioned itself in the center of the container. The maximum 
displacement of the pile in the first push was 7.5 cm. 
The load applied to the top of the pile measured by the load cell is plotted in 
Figure 4.21.  The maximum load applied in the first push of the pile was 172 kN. 
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The bending moments for the pile are plotted with time in Figures 4.22 and 4.23. 
The maximum moment in Figure 4.22 for the first push is 162 kN.  The maximum 
moment in Figure 4.23 for the first push is 150 kN. The moments for test 3 are compared 
to test 2 in section 4.5. 
 
Figure 4.20- Prototype Displacement at Top of Pile in Unsaturated Ottawa Sand One with 
Time 
 
 
Figure 4.21- Prototype Load at Top of Pile in Unsaturated Ottawa Sand One with Time 
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Figure 4.22- Prototype Moments Along Pile Depth for Side One of Pile in Unsaturated 
Ottawa Sand One with Time 
 
 
 Figure 4.23- Prototype Moments Along Pile Depth for Side Two of Pile in Unsaturated 
Ottawa Sand One with Time 
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compared in this test also (Figure 4.25). The peak acceleration for accelerometer 7 which 
is located in the free field response region is 0.611g. The peak acceleration for 
accelerometer 8 near the pile is 0.487 g. The peak acceleration for accelerometer 9 away 
from the pile is 0.565 g. The acceleration at the top of the pile with time is plotted in 
Figure 4.26; the peak acceleration was 0.575 g.  
The spectral acceleration plots for comparing the different surface locations are in 
Figure 4.27 a. In this figure it shows that the spectral acceleration peak shifted to a lower 
period near the pile (A8). The peak is also smaller, with higher periods showing 
significant reduction. It is expected that accelerometer 7 and accelerometer 9 would have 
similar readings, since accelerometer 9 is a distance away from the pile and the soil-pile 
coupling affects should not be significant in this location. The plots are very similar, but 
at high periods the spectral acceleration is slightly lower than the acceleration at the free 
field response.  
One possible reason for the spectral acceleration of the soil near the pile being 
lower than the free field response may be due to the pile damping more of the motion, 
through the soil with this response compared to test 2 where there was not as much of a 
difference. It is unlikely in a problem with the pile moving that the soil is stiffer than the 
free field response soil, especially since the pile was pushed in when the box was only 
one third full, resulting in very little densification around the pile from pile driving. 
 The horizontal displacement of the dynamic pile is plotted with time in Figure 
4.28. Unfortunately only half the motion is recorded since the LVDT was moving in and 
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out of range. The maximum displacement of the dynamic pile that was measured was 
15.3 cm. It would not be expected that the motion of the pile moving in the positive 
direction would have substantially higher maxima, than the motions of the pile in the 
negative direction. The settlement of the pile and the surface soil is plotted in Figure 4.29. 
The only valid measurement from the vertical LVDTs was from the settlement of the pile 
measured by LVDT 3. LVDT 4 was not working and LVDT 5 appears to not be working 
either, even though motion is recorded. The pile settled 2.97 cm. A comparison of pile 
settlement is in section 4.5.  
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Figure 4.24- Prototype Input Acceleration at the Shake Table in Unsaturated Ottawa Sand 
One with Time 
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Figure 4.25- Prototype Soil Surface Acceleration in Unsaturated Ottawa Sand One with 
Time 
 
 
 
 
Figure 4.26- Prototype Acceleration of Top of Pile in Unsaturated Ottawa Sand One with 
Time 
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Figure 4.27- Comparisons of Free Field Responses and Response near Pile and Response 
on Top of Pile and Next to Pile in Unsaturated Ottawa Sand One 
 
 
 
Figure 4.28- Horizontal Displacement of Dynamic Pile in Unsaturated Ottawa Sand One 
 
 
Figure 4.29- Settlement of Soil and Pile for Unsaturated Ottawa Sand One 
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4.4 Unsaturated Ottawa Sand Test Two (Unsat 2)-Test 4 
Unsaturated test two was the final and fourth centrifuge test performed. The 
volumetric moisture content and degree of saturation profile is discussed in the first 
section. The following sections discuss the static and dynamic test results. 
4.4.1 Moisture Content and Degree of Saturation of Unsaturated Profile Two 
In Test 4, unlike Test 3 the entire drainage system remained intact and there were 
no control problems with the servo valves. The infiltration system did not affect the 
moisture content of the soil. After monitoring the moisture content sensors and not 
observing a change in moisture content the centrifuge was spun down to determine if a 
valve was not open. When the centrifuge was opened the sprayers were misting and there 
were no observations made about why the system was not working. The centrifuge was 
spun up again to run the test and still no observations were made with changes in the 
moisture content. Due to time constraints the tests were run at the profiles plotted in 
Figure 4.30. The volumetric moisture content was determined from the moisture content 
sensor and the degree of saturation was determined by dividing the volumetric moisture 
content by the porosity of the soil in Table 3.3 and multiplying the quotient by 100. 
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Figure 4.30- Volumetric Moisture Content and Degree of Saturation for Unsaturated 
Profile Two 
 
4.4.2 Static Test Results: Unsaturated Profile Two 
Figure 4.20 shows the movement of the pile measured by LVDT 1. It is clear that 
the motor movement like test 3 was difficult to control and did not follow the planned 
displacement history plotted in Figure 3.7, but the cycle was completed.  The maximum 
displacement by the pile in the first push was 7.03 cm.  
The load applied to the top of the pile measured by the load cell is plotted in 
Figure 4.32.  The maximum load applied in the first push of the pile was 167 kN. 
The bending moments for the pile are plotted with time in Figures 4.33 and 4.34. 
The maximum moment in Figure 4.33 for the first push is 147 kN.  The maximum 
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moment in Figure 4.34 for the first push is 112 kN.  The moments for test 4 are compared 
to test 2 and test 3 in section 4.5. 
 
Figure 4.31- Prototype Displacement at Top of Pile in Unsaturated Ottawa Sand Two 
with Time 
 
 
Figure 4.32- Prototype Load at Top of Pile in Unsaturated Ottawa Sand Two with Time 
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Figure 4.33- Prototype Moments Along Pile Depth for Side One of Pile in Unsaturated 
Ottawa Sand Two with Time 
 
 
Figure 4.34- Prototype Moments Along Pile Depth for Side Two of Pile in Unsaturated 
Ottawa Sand Two with Time 
4.4.3 Dynamic Test Results: Unsaturated Profile Two 
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acceleration for accelerometer 9 away from the pile is 0.513 g. The acceleration at the top 
of the pile with time is plotted in Figure 4.37; the peak acceleration was 0.502 g. 
The spectral acceleration plots for comparing the different surface locations are in 
Figure 4.38 a. The plot with the highest spectral acceleration is near the pile (A8). The 
response for the accelerometer away from the pile (A9) and the accelerometer in the free 
field response (A7) are very different. The A9 plot shows high spectral accelerations at 
low periods and low spectral accelerations at higher periods. The A7 plot does not have 
as dramatic of a change. With many factors contributing to the system it is not clear why 
the spectral accelerations for Test 4 are very different from the Test 2, and Test 3 results. 
The horizontal displacement time history of the pile is plotted in Figure 4.39. The 
maximum displacement was 24.12 cm. One major difference with this displacement is 
the soil had plastic deformation that prevented the pile from reentering itself. The 
settlement of the pile and soil is plotted in Figure 4.39. The pile settled 3.12 cm (LVDT 
3). The soil settlement measured at LVDT 4 was 10.98 cm. The soil settlement measured 
at LVDT 5 was 10.81cm. The settlement of the pile was much less than the surrounding 
soil, which also occurred in the dry test (Test 2). 
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Figure 4.35- Prototype Input Acceleration at the Shake Table in Unsaturated Ottawa Sand 
Two with Time 
 
 
Figure 4.36- Prototype Soil Surface Acceleration in Unsaturated Ottawa Sand Two with 
Time 
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Figure 4.37- Prototype Acceleration of Top of Pile in Unsaturated Ottawa Sand Two with 
Time 
 
            
Figure 4.38- Comparisons of Free Field Responses and Response near Pile and Response 
on Top of Pile and Next to Pile in Unsaturated Ottawa Sand Two 
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Figure 4.39- Horizontal Displacement of Dynamic Pile in Unsaturated Ottawa Sand Two 
 
 
 
Figure 4.40- Settlement of Soil and Pile for Unsaturated Ottawa Sand Two 
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information has been acquired about the behavior of piles in unsaturated soils in the 
centrifuge tests that were completed. The data collected from the unsaturated tests is 
compared to each other and the single dry test completed in this section. 
4.5.1 Static Test Comparisons 
The two unsaturated tests performed had similar degree of saturation profiles at the 
top of the soil profile. The static and dynamic test profiles are plotted in Figure 4.41 to 
compare the two profiles side by side.  The degree of saturation for the top 10 m of the 
static test for Unsat 1 was on average 17.33%, and for Unsat 2 was on average 17.45%, 
thus essentially the same degree of saturation. The degrees of saturation are very different 
at a greater depth in the profile for the two tests with Unsat 1 having a degree of 
saturation of 24.29% at a depth of 19.25 m and Unsat 2 having a degree of saturation of 
64.83% at a depth of 19.25 m 
A comparison of the bending moments measured in the dry test (Test 2), the first 
unsaturated test (Unsat 1) and the second unsaturated test (Unsat 2) for a displacement of 
5.09 cm is plotted in Figure 4.42. The displacement was selected by reviewing the 
maximum displacements for each test and selecting the smallest maximum in the first 
quarter of the cycle to compare all three tests. From the data points plotted there are three 
important discussions. The first is the unsaturated soil bending moments are greater than 
the dry bending moments at the point on the pile where the greatest bending moments are 
measured.  The measured bending moments are greatest at a depth of 3 meters below the 
ground surface. The dry bending moment at a depth of 3 meters is 101 kN-m, the 
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measured bending moment for Unsat 1 at a depth of 3 meters is 121 kN-m and the 
bending moment for Unsat 2 at a depth of 3 meters is 120 kN-m. The increase in bending 
moment applied to the pile is approximately 20% for the two unsaturated tests. This 
increase is likely due to the increased stiffness of the soil due to the higher suctions 
(lower degree of saturations) in the profile with these degrees of saturation.  
 
Figure 4.41- Comparison of Degree of Saturation for Different Unsaturated Profiles 
During the Static Centrifuge Tests 
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unsaturated curves.  If this is true there would be a shift down in where the maximum 
moment is located, similar to the saturated curve in Figure 4.43, but no reduction in 
moment at the maximum, instead an increase in moment. This would suggest that the 
parabolic shape in the bending moment curve with depth is much steeper for unsaturated 
soils. This increase in steepness is also reflected on the measurements made below the 
maxima, the unsaturated points are returning to moment values that are similar to the 
measurements made by the dry pile response. The unsaturated data point at 9 m does not 
follow this trend exactly and is important to point out with the limited data. 
 
Figure 4.42- Bending Moment Comparisons with a Pile Head Displacement of 5.09 cm 
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Unsat 2 test. This shows that the degree of saturation at the depth where the maximum 
moments are located controls the shape of the moment curve significantly. This type of 
behavior is also observed in LPILE modeling. Refer to Figure 4.43, the curve with the 
small circles on it is modeling the pile with dry soil to a depth of 10 m and the remainder 
of the profile is modeled with fully saturated soil. From the figure it is apparent that the 
dry soil on the top 10 m of the profile controls the maximum moments experienced by the 
pile. If this trend is also applicable for unsaturated soils it would give further emphasis 
for the use of unsaturated soils in design, since the majority of unsaturated soils are 
located within the top soil layer where the pile is driven. Much more testing needs to be 
done before this observation can be confirmed.  
It is important to note that though the maximum moments are controlled by the 
layer they are in the shape of the overall curve might not be. The differentiation of the 
bottom moment record for the second unsaturated test would need further testing to 
determine if the difference in the unsaturated profile at the bottom of the box was causing 
the increase in moment compared to the other two data points. 
Another observation that can be made on the static moment data collected is how 
it compared to the LPILE model. Since the effects of suction cannot be modeled in 
LPILE only the dry centrifuge test was compared to LPILE. The LPILE curve and the 
data points collected from the dry centrifuge test are plotted in Figure 4.44. From the plot 
it is evident that the LPILE model does not model the centrifuge test results very well. 
The predicted moments in LPILE are much greater than the moments measured in the 
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centrifuge test.  In LPILE there are a limited number of parameters that can be entered 
into the model; this limits its accuracy in modeling the centrifuge problem. The model 
parameters selected are based on whether the soil is dense, medium dense or loose. Also 
the centrifuge model parameters that were determined may not be fully representative of 
the soil around the pile. Though the model is weighed and the volume is controlled by the 
leveling device in every test to determine the unit weight, the density around the pile 
might be less due the pile causing an obstruction to the sand pluviation process compared  
 
Figure 4.43- Comparisons of Saturated, Dry and Dry Top 10 m/ Saturated Comparisons 
for Reese LPILE Model with a Pile Head Displacement of 5.09 cm  
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pile might be significantly different from the suggested values. This difference can cause 
significant differences in the prototype response because of the 4th order scaling 
involved. A more appropriate comparison can be made by calculating the exact properties 
of the model pile in the lab. 
 
Figure 4.44- Dry Soil Bending Moments Comparisons in Centrifuge Model and LPILE 
Model with a Pile Head Displacement of 5.09 cm 
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the moment points were selected for a load in the first quarter of the cyclic motion for the 
pile. An important and expected difference in a pile head load comparison compared to a 
pile head displacement comparison is that the unsaturated soil samples have lower 
-50 0 50 100 150 200 250
Bending Moment (kN-m)
20
15
10
5
0
-5
D
ep
th
 (m
)
5.09 cm 
Displacement
Dry
LPILE Dry 
(Reese, 1974)
107 
 
bending moments than the dry soil sample. The stiffer unsaturated soil has less 
deformation, which allows the soil to support the pile and the lateral load. There is a 
similar reversal in the LPILE load model, where the saturated soils have higher bending 
moments than the dry case and the case with the soil having a dry layer within the top 10 
m and a fully saturated layer for the rest of the profile. In the loading scenario there is 
still a significant difference between the bending moments of the unsaturated soil and the 
dry soil. The dry bending moment at a depth of 3 meters is 110  kN-m, the measured 
bending moment for Unsat 1 at a depth of 3 meters is 76 kN-m and the bending moment 
for Unsat 2 at a depth of 3 meters is 76 kN-m.  The reductions in bending moment for the 
unsaturated soil allows for more economical foundations to be constructed if unsaturated 
soils are considered. Similar to the displacement comparisons, the degree of saturation at 
the depth where the maximum moments are located controls the shape of the moment 
curve significantly. The observation of the moment curve for the unsaturated soils having 
a different shape, which is explained in the discussion of the displacement controlled 
comparison, is also observed in the loading controlled comparison. One data point that is 
much clearer in this comparison is the data point for Unsat 2 at a depth of 9 m. It is clear 
that the more saturated soil at the bottom of the container is increasing the moment on the 
pile.  
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Figure 4.45- Bending Moment Comparisons with a Pile Head Lateral Load of 90.36 kN 
 
 
Figure 4.46- Comparisons of Saturated, Dry and Dry Top 10 m/ Saturated Comparisons 
for Reese LPILE Model with a Pile Head Lateral Load of 90 kN 
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The final observation that can be made on the static moment data collected is how 
it compared to the LPILE model. Since the effects of suction cannot be modeled in 
LPILE only the dry centrifuge test was compared to LPILE. The LPILE curve and the 
data points collected from the dry centrifuge test are plotted in Figure 4.47 for a load 
controlled case. In the load case scenario the model still does not match, but the data 
points are closer to the model curve. The same reasons for the model not matching in the 
displacement case can be applied for why the load case does not match. 
 
 
Figure 4.47- Dry Soil Bending Moments Comparisons in Centrifuge Model and LPILE 
Model with a Pile Head Load of 90 kN 
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4.5.2 Dynamic Test Comparisons 
The degree of saturation profiles for the dynamic test did not change much from 
the static tests (Figure 4.48). The first unsaturated test (Unsat 1) reduced to a degree of 
saturation of 16.59% within the top 10 m. The second unsaturated test (Unsat 2) reduced 
to 17.07% within the top 10 m. These degrees of saturation are still essentially the same. 
The degrees of saturation for both tests increased at the bottom of the box. Unsat 1 had a 
degree of saturation of 37.22% at a depth of 19.25 m. Unsat 2 had a degree of saturation 
of 66.60% at a depth of 19.25 m. 
 
 
Figure 4.48- Comparison of Degree of Saturation for Different Unsaturated Profiles 
during the Dynamic Centrifuge Tests 
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unsaturated test behaved similarly compared to the second unsaturated test which had 
much greater plastic solid deformation, since the pile did not return to its original position 
at the end of shaking. For settlement of the pile the two unsaturated tests behaved in a 
more similar fashion than the dry test which unexpectedly had much greater settlement 
than the two unsaturated tests (Figure 4.50). 
 A comparison of the three tests spectral acceleration at accelerometer 7 located in 
the free field response region, accelerometer 8 located near the pile and accelerometer 10 
located on top of the pile are plotted in Figure 4.51.  The free field response spectra for 
the dry and first unsaturated tests are very similar (Figure 4.51 a). The free field response 
for the second unsaturated test has a much smaller peak and the peak is shifted to smaller 
periods. Since seismic motions propagating through non-uniformly saturated profiles can 
be very complex there are many reasons for the reduction in peak. One reason could be a 
degree of saturation between the bottom and the top creating a very loose layer that does 
not occur in the range of degrees of saturation in the first unsaturated test.  It is likely that 
this lose layer was behaving more like a saturated soil resulting in the expected decrease 
in spectral acceleration. Though the degree of saturation was not fully saturated at the 
bottom the effects of suction rapidly decrease in sands as the degree of saturation 
increases. The behavior near the pile was not significantly affect based on the plots in 
Figure 4.51 b, except at high periods where there was a small shift for the first 
unsaturated test.  Differentiation of the spectral accelerations for the top of the pile for the 
dry soil and the two unsaturated profiles is clearly plotted in Figure 4.51 c.  
112 
 
 
Figure 4.49- Comparisons of Horizontal Displacement at Top of Pile with Different 
Degrees of Saturation and Dry Ottawa Sand 
 
 
Figure 4.50- Comparisons of Pile Settlement with Different Degrees of Saturation and 
Dry Ottawa Sand 
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Figure 4.51- Comparisons of Spectral Acceleration with Different Degrees of Saturation 
and Dry Ottawa Sand 
 
Another important relationship that must be considered when analyzing the data 
collected for both the static and dynamic tests is the interface between the pile and soil. 
Although the degree of saturations measured in this research represent the degree of 
saturation of the soil profile, the actual response of the pile depends on the behavior of 
the interface between the soil and the pile. The degree of saturation along the interface 
can be significantly different from what is measured using the moisture content sensors. 
There is a tendency that the soil-pile interface can have higher degree of saturation due to 
higher flow of sprayed water along the interface.  In addition, the cyclic movement of the 
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pile can also affect the degree of saturation of the soil around the interface due to 
volumetric deformation. 
It is important to consider that the stiffness of the soil can not only affect the 
deformation behavior but also the dynamic properties of the soil and the pile.  Therefore, 
a more accurate modeling procedure such as coupled discrete element-finite element 
model and measurement technique needs to be used to understand the soil-pile interaction 
in unsaturated soils. Though soil-pile interfaces cannot be modeled in the current version 
of TeraUDysec, profiles can be modeled with layered degrees of saturation allowing for 
further modeling of similar degree of saturation profiles from the centrifuge tests.  
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5 LESSONS LEARNED FROM CENTRIFUGE TESTS AND SUGGESTIONS 
FOR FUTURE TESTS 
 
The centrifuge tests revealed the challenges that occur when performing unsaturated 
centrifuge tests with the current procedure. The tests also revealed useful data about 
unsaturated soil-pile coupling behaviors that need to be investigated further. Chapter 5 
discusses improvements for the centrifuge test to increase the likelihood of creating 
profiles with the target degree of saturation. Chapter 5 also discusses the benefits of 
performing other types of physical modeling to learn more about the soil-pile coupling 
behavior in unsaturated soils.  
 Section 5.1 focusses on improvements that can be made to the centrifuge test. 
These improvements include providing better sources of water and pressure for the steady 
state infiltration method and the benefits of focusing on static and dynamic tests in 
separate centrifuge tests. Section 5.2 focusses on other possible methods for physically 
modeling the static pile problem without centrifuge testing. 
5.1 Improvements to Centrifuge Modeling of Soil-Pile Coupling Behavior in 
Unsaturated Soils 
5.1.1 Structural Soundness of Soil Container 
One of the major problems with the calibration centrifuge test and the first 
centrifuge test was the bulging of the box.  The bulging was approximately 3.8 cm. A 
photograph of the originally rectangular box after bulging is in Figure 5.1. The excessive 
settlement from the bulging is in Figure 5.2. Figure 5.2 also shows the effects on the 
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instruments due to the excessive bulging, such as the strain gauges being pulled off the 
pile.   
In order to reduce the bulging in the first test, clamps were added to the top of the 
box. The only clamps that could extend the width of the box were carpenter clamps; these 
clamps unfortunately could not prevent the box from bulging.  
 
 
Figure 5.1- Bulging of Container after Calibration Test 
 
Due to the limited amount of time between tests another quick solution was using 
threaded rods, which cross the container in the direction that the motor pushes and pulls 
the pile. The rods were threaded through the top bolt holes on each side of the container 
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which were used for attaching the lateral loading system to the container. A nut and 
washer on both sides of the threaded rod allowed for the rod to replace the bolt and still 
hold the L-section which held the lateral loading system.  These rods went into tension 
when the container walls had the lateral load applied to them from the increased stresses 
in the soil when the centrifuge was spinning up.  This was not an optimal setup, since the 
rods ran through the top of the soil layer. In terms of the centrifuge scaling for the 
prototype the rods were a great distance from the piles, but it is encouraged in future tests 
to prevent the box from bulging with another method. 
One potential method would be attaching a lateral support on the container such as 
an L section which would add more rigidity to the sides of the container.  A potential 
location for this support would be halfway up the wall of the container. An analysis of the 
earth pressure on the walls should be done to make sure the container does not bulge. 
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Figure 5.2- Substantial Settlement and Lateral Spreading From Bulging of Container 
 
5.1.2 Improvements to the Steady State Infiltration Method 
The steady state infiltration method was not very effective in the two unsaturated 
tests performed with this large container.  In order to make the method effective for large 
containers the water supply must be very large and the supply of water must maintain a 
high enough pressure to spray a steady mist through the nozzles. Currently the water 
supply in the pressurized tank is very small for static tests which take a minimum of 214 
seconds to complete one cycle. In future tests it is preferable to be able to perform more 
than one cycle. The tank pressure is also not constant, since as the water supply reduces 
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the pressure in the tank also reduces. A system on the centrifuge that has a constant water 
supply and a constant pressure would be optimal.  
If a system like this is not readily available on the centrifuge arm, a system of 
pumps and reservoirs might be an alternative on the centrifuge basket.  The design of a 
system like this would require a clear understanding of the space available on the basket 
for additional containers and the power supply sources available on the arm. 
5.1.3 Methods for Driving Pile into Soil 
In future tests the method used to insert the pile should also be investigated. If a 
method for driving the pile is needed this would be more future work for future 
unsaturated tests. 
5.1.4 Disadvantages Realized in Performing Static and Dynamic Tests Together 
There is a significant advantage in destructive centrifuge testing to perform more 
than one test in the container within a centrifuge spin. There are a couple of 
disadvantages that need to be considered and the benefits and disadvantages need to be 
weighed to determine the best test procedure and method. Some of the disadvantages that 
were realized in this test are discussed in this section. 
One of the problems encountered is the damage to strain gauges attached to the 
static pile. As the dynamic motion is applied the static pile remains clamped and strain 
gauges attached to the pile are pulled since the wires are moving with the soil. Even with 
wire lag there still was some problems with these small strain gauges.  
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Another problem is the preparation of the regions where no testing is occurring. 
To provide enough space to make sure there are limited interactions between the static 
and dynamic tests there are large areas that do not necessarily need to be prepared if the 
tests were constructed in smaller containers. If the soil selected for a future test require 
compaction these no test regions may need more consideration. Another advantage 
besides time with smaller containers is the mass is reduced for the dynamic tests, which 
allows for greater shake table control. 
Another consideration with performing both static and dynamic tests together is 
the amount of instrumentation. With the current test setup there are enough available 
channels to connect all the instruments to the data acquisition system, but as the tests 
require more instruments and more detailed measurements the data acquisition capacity 
may not be able to support both dynamic and static tests. Lots of instruments in multiple 
tests also prevents instrument redundancy, which is important for making sure all the data 
is collected if a single instrument were to fail. 
5.2 Other Types of Physical Modeling for Static Pile Problem 
Centrifuge tests are extremely useful for collecting data on geotechnical 
phenomena. At Clemson University it would be useful to learn more about how degree of 
saturation affects pile response without performing scaled centrifuge tests. One method 
would be to perform 1g tests. The 1g tests can be scaled or they can be tests on micro 
piles.  
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The advantage to 1g tests is the diffusion is not increased by the centrifugal 
acceleration allowing the model to achieve a steady state with more control. The other 
advantage is the soil particles behave without centrifuge scaling also, allowing for a 
wider range of degrees of saturation to be tested and still achieve the expected suction. 
Also more realistic suction profiles can be tested by creating profiles with a set water 
table in the container, which makes it unnecessary to perform the steady state infiltration 
method.  
At Clemson University there is the Wind Engineering and Structures Laboratory 
(WESL). The lab is equipped with screw-drive actuators, hydraulic actuators and stepper 
motors. The hydraulic actuators have loading capabilities between 1000 pounds and 1 
ton. The screw-drive actuators have capabilities of loads up to 5 tons. The lab is equipped 
with a variety of load cells, LVDT’s and other displacement instruments. The lab’s data 
acquisition equipment is setup for full bridge strain gauges and the system can support up 
to 32 channels. This excellent resource can be used as a way to test piles in unsaturated 
soils with the construction of the container to hold the soil and the steady state infiltration 
system. A preliminary plan for the design of the container and the setup is in Figure 5.3.  
The container is elevated on some beams to allow for the drainage system to come out of 
the bottom of the box, this should make the drainage system more effective. It is 
important to note that once the water drains out of the container it will enter a reservoir, 
where it will be pumped back up to the nozzles to be sprayed back onto the sample. The 
test will have a screw-actuator to push the pile with a load cell and an LVDT attached to 
the pile. The pile will also be instrumented with strain gauges to collect strains which can 
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eventually be developed into p-y curves for unsaturated soils.  Another important note is 
to make sure the container has enough lateral support to hold the earth pressure.  
 
Figure 5.3- Preliminary Plan for 1g Container at the Wind Engineering and Structures 
Laboratory 
 
The main disadvantage to the test is the pile would have to be very small. A 
container that is much larger than 1.5 m tall would be very difficult to work with. It is 
recommended that the initial container is small to test the system. If the container was 
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large enough for the pile to be close to reaching the point in depth where it’s bending 
moment is starting to reduce toward zero, potentially a fixity at the bottom of the 
container could represent longer pile responses. 
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6  NUMERICAL MODELING OF UNSATURATED SOIL-PILE SYSTEM 
 
There are many different numerical methods for solving engineering problems. 
These include the Finite Element Method (FEM), Discrete Element Method, Boundary 
Element Method, Difference Method and Meshless Method. Each of these methods 
provides an approximate solution to an engineering problem. Due to the complex nature 
of the governing equations and the boundary and initial conditions it may not be possible 
to find an exact solution for most problems.  
This chapter will focus on FEM modeling of the pile soil coupling behavior. There 
are many FEM programs commercially available, but in order to model the coupling 
behavior of a pile in unsaturated soils an in house finite element program called 
TeraDysac was used. 
6.1 Finite Element Method 
There are three basic steps in the Finite Element Method, the preprocessing phase, 
followed by the solution phase, concluding with the post processing phase.  
In the preprocessing phase the solution domain is created. The solution domain is 
then descretized into a number of sub-domains (elements). The governing equations are 
converted into finite element equations in this phase. The equations are assembled to 
form the entire domain. The boundary and initial conditions, and loading are also applied 
in this phase.  
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In the solution phase the global equations are solved. Followed by the post processing 
phase where secondary variables such as strain, stress or velocity are solved for. 
6.2 The TeraScale Framework and TeraUDysac 
The TeraScale finite element framework was used to develop the high performance 
geotechnical computational tool TeraDysac. The TeraScale framework contains a 
collection of software components for building finite element applications. With this 
collection the amount of work and code required for developing and maintaining an 
application is greatly reduced. Thus this allows the engineer to concentrate on the 
computational mechanics aspects of the application rather than spending time dealing 
with computer science details. 
A high performance, parallel, finite element application contains many common 
services or tasks including: memory management, parallel gather/scatter operations and 
global reductions, mathematical libraries and algorithmic controls, and linear algebra 
solution services. These services are essentially computer science or mathematical 
exercises that are not dependent upon physics equations or formulations in which a civil 
engineer is an expert. These services require the most attention, though, when porting 
scientific applications between different hardware platforms. The physics parts of an 
application usually compile, link and run correctly on disparate hardware platforms with 
little porting effort, giving excellent reasoning for using a finite element framework 
(Muraleetharan, 2007). 
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TeraDysac has three formulations: the complete finite element formulation, the 
partially reduced finite element formulation and the reduced finite element formulation.  
The complete formulation does not compromise the physics of the problem, but it is 
computationally unstable. There are six nodal variables for the complete formulation. The 
reduced formulation neglects the relative velocities and the relative accelerations of the 
pore fluids, thus simulating the undrained behavior of the unsaturated soil. In this 
formulation the momentum balance equation is solved using solid displacements only, 
resulting in only two nodal variables. The benefit of the reduced formulation is its 
computational stability.  The partially reduced formulation neglects the relative 
acceleration of the liquid and gas phases. The formulation considers liquid and gas 
pressure as nodal unknowns in addition to the solid displacement, resulting in four nodal 
variables. A summary of the coupled governing equations for the unsaturated 
formulations are provided in the next section. 
6.3 Summary of Coupled Governing Equations for Unsaturated Soils 
The governing equations of the dynamics of unsaturated soils are summarized in this 
section. The governing equations for the dynamics of unsaturated soils are derived using 
fundamental laws such as mass balance, momentum balance, energy balance and laws of 
thermodynamics. In the case of unsaturated soil that consists of three bulk phases, two 
independent mass balance equations and three momentum balance equations can be 
derived by considering the motion of a representative soil element. A detailed 
explanation of the governing equations and the formulations is in Ravichandran and 
Muraleetharan (2008). 
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6.3.1 Mass balance equation for the liquid phase 
The final form of the mass balance equation for the liquid phase is given in 
equation (6.1). It should be noted that the mass balance equation for the solid phase is 
incorporated in this equation to eliminate the time derivative of the porosity of the liquid 
phase.  
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where su is the displacement of the solid phase, lu is the displacement of the liquid 
phase, l  is the bulk modulus of the liquid phase, v is the volumetric strain, l  is the 
volume fraction of the liquid phase given by TVlVl / , lV is the volume of liquid, 
TV is the total volume  
lp  is the liquid pressure, gp  is the gas pressure and    is the 
matric suction given by lpgp  . 
 
6.3.2 Mass balance equation for the gas phase 
Similar to the liquid phase, the mass balance for the gas phase can be expressed as: 
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where gu is the displacement of the gas phase and g  is the bulk modulus of the gas 
phase, g  is the volume fraction of the gas phase and  is the total porosity of the soil. 
 
6.3.3 Linear momentum balance for the mixture 
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6.3.4 Linear momentum balance for the liquid 
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6.3.5 Linear momentum balance for the gas: 
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where ij  is the total stress tensor, jg  is the gravitational acceleration vector, lijkˆ  is the 
inverted permeability tensor of the liquid phase (i.e., in 1-D kk /1ˆ  , where k  = 
coefficient of permeability of liquid),  gijkˆ  is the inverted permeability tensor of the gas 
phase, and ij  is the Kronecker delta. These five equations (6.1-6.5) have five 
unknowns: solid displacement ( su ), liquid displacement ( lu ), gas displacement ( gu ), 
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liquid pressure ( lp ) and gas pressure ( gp ). However, lp and gp  in the momentum 
balance equations can be eliminated using the mass balance equations, thusly yielding a 
displacement formulation ( gulusu  ) with solid, liquid and gas displacements as the 
primary unknowns. The corresponding finite element equations can be written in the 
following matrix form by considering the solid, liquid and gas displacements as the 
primary nodal unknowns. 
EfIfupKuCuM    (6.6) 
 
where M  is the mass matrix, C is the damping matrix, pK  is the pore fluid stiffness 
matrix, If is the internal force vector, and Ef  is the external force vector, u  is the 
generalized displacement vector and u  and u  are the corresponding velocity and 
acceleration vectors that will include solid, liquid and gas components. In general, the 
finite element equation for the dynamics of saturated or unsaturated soil consists of two 
stiffness matrices: a pore fluid stiffness matrix ( pK ) and a solid stiffness matrix ( sK ). 
The solid stiffness matrix is usually written as an internal force vector ( If ) as shown in 
equation 6.6 and given by susKIf  .  Due to numerical instability and lengthy 
computational times the use of the complete formulation ( gulusu  formulation) is 
limited. Thus, a numerically stable formulation with less compromise in the actual 
physics of the problem must be developed for use by practicing engineers and 
researchers. One such formulation is the simplified finite element formulation. The 
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simplified formulation is developed by neglecting the relative accelerations and velocities 
of the liquid and gas phases as shown in equations 6.7 through 6.9. Simulation of an 
unsaturated soil embankment showed that the simplified formulation is approximately 36 
times more computationally efficient than the complete formulation. It is obvious that 
this computational efficiency is dependent on the problem size and boundary and loading 
characteristics. However, the number of nodal unknowns can give an idea of the 
computational time requirement of these two formulations. In 2D the complete 
formulation has 6 nodal unknowns per node and the simplified formulation has 2 nodal 
unknowns. The complete formulation is a general formulation and can be used for wide 
range of problem. However, neglecting the relative velocities and accelerations will result 
in an undrained condition in each element and can only be used for problems that 
behavior under undrained conditions. Although this limits the applicability of this 
formulation, the dynamic problems of unsaturated soils can be approximated as an 
undrained problem with respect to water phase due to the very low water permeability 
especially at low degree of saturation as compared to the corresponding saturated state 
and short shaking period. The governing differential equations for the simplified 
formulation are summarised below. 
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Even though the relative movement of fluids is neglected, pore liquid and pore gas 
pressures can be computed using mass balance equations 6.8 and 6.9 for the purposes of 
considering the suction effect in unsaturated soil. In the simplified formulation, the 
degree of saturation is directly related to the volumetric deformation of the solid skeleton 
and not to the flow of fluids, as seen in equations 6.8 and 6.9. When the pore liquid and 
pore air pressure changes due to volumetric deformation of the solid skeleton, the degree 
of saturation changes, thusly altering the matric suction and unsaturated soil behavior.  
In this case, only the momentum balance equation (equation 6.7) will be solved 
considering the solid displacement as the primary nodal unknown. The corresponding 
finite element equations for the simplified governing equations and boundary conditions 
are expressed in the matrix form below.  
 
EfIfupKuM  ss  (6.10) 
 
From a comparison of the equations 6.6 and 6.10, it is apparent that the viscous damping 
matrix does not appear naturally in the simplified formulation at the governing equation 
level. This limits the application of the simplified formulation for dynamic problems. One 
of the methods to eliminate this limitation is the incorporation of external viscous 
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damping in the form of Rayleigh damping as explained in the next section. It should be 
noted that similar a form of viscous damping is incorporated in most of the nonlinear site 
response analysis tools such as D-MOD, DeepSoil, Plaxis and OpenSees. The other form 
of damping which is the hysteretic material damping can still be taken into account 
through the appropriate constitutive model for unsaturated soil.   
6.4 Applicability of Simplified Formulation and its Improvement 
Since an external damping must be applied to the simplified formulation to obtain 
more reasonable results. The Rayleigh damping model was incorporated into the 
formulation. 
In this model, the damping is considered propositional to both the mass and the 
stiffness of the system. The damping matrix for the finite element formulation is 
calculated using equation 6.11.  
 
KRβMRαRC    (6.11) 
 
Where RC is Rayleigh damping matrix, M  is mass matrix, K  is the stiffness matrix, the 
R and R  are mass and stiffness related Rayleigh damping coefficients, respectively. 
R  and R  are given by equations 6.12 and 6.13 respectively. 
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where tar  is the target damping, n is an odd integer (1, 3, 5 or 7) and T is the 
fundamental period of the soil deposit given by: 
avgsV
HT
,
4   (6.14) 
where H is the depth of the soil deposit and avgsV ,  is the average shear wave velocity. 
The spatially discrete governing equations for the improved-simplified 
formulation that includes Rayleigh damping can be written in matrix form as follows: 
EfIfupKu
RCuM  sss    (6.15)                                  
The finite element formulation was derived using four-node quadrilateral isoparametric 
elements. Solid skeleton displacements in x and y directions were considered as the nodal 
unknowns. The time integration was performed using Hilber-Hughes-Taylor -method 
together with a predictor corrector algorithm proposed by Hughes and Pister (1978). 
6.5 A Sample Soil-Pile Coupled FEM Analysis 
A PP14 x 0.375 pile was modeled with a service state load of 90 kips in unsaturated 
Minco silt. The finite element mesh for the model is shown in Figure 6.1. The base 
motion applied to the model is shown in Figure 6.2 (El Centro earthquake acceleration 
time history with respective spectral acceleration plot). The size of the pile and its 
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parameters are similar to the centrifuge test, but modeling the pile in Minco Silt prohibits 
direct comparison of the two tests. Currently models are not available for modeling the 
centrifuge test in TeraDysac.  
For this model the stress strain behavior of the solid skeleton is modeled using an 
elastoplastic constitutive model for unsaturated soil based on the bounding surface 
concept. The bounding surface model was developed by Dafalias and Herrman (1986). 
This model was later modified by Muraleetharan and Nedunuri (1998) to incorporate the 
suction related behavior of unsaturated soils. The parameters in Table 6.1 for the material 
model are calibrated from laboratory tests on Minco silt (Vinayagam, 2002). The 
corresponding suction related parameters for each DOS are listed in Table 6.2. The in situ 
soil stresses were also calculated for the elastoplastic model, a lateral earth pressure 
coefficient of 0.5 was assumed. 
The soil water characteristic curve proposed by van Genuchten (1980), was used to 
model the relationship between degree of saturation and suction. The parameters used for 
Minco silt are listed in Table 6.3. 
The pile is represented by Timoshenko beam theory. The pile is modeled with three 
components the concentrated mass on top of the pile (service state load), the pier (portion 
of the pile above the surface of the soil layer), the foundation (portion of the pile in the 
soil layer). These structural elements are assumed to behave elastically. The structural 
properties and parameters are listed in Table 6.4. The mass on top of the pile is modeled 
with a single element of very high density. The pile is modeled with nodes connected to 
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the solid skeleton nodes, forcing the pile and soil to move together. For example there are 
no special interface elements between the soil and the pile to capture the opening and 
closing of gaps or relative movement in the vertical direction.  
The Rayleigh damping coefficients for the three degrees of saturation of the soil 
and the three components of the pile are listed in Table 6.5. tar  and n  were not 
calibrated and were assumed to be 5% and 5, respectively.  These are recommended 
values for site response analysis using nonlinear site response analysis tools (Park and 
Hashash, 2009). The responses using the model are discussed in the next section. 
 
 
Figure 6.1- Finite Element Mesh, with Location of Nodes and Elements Discussed 
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Figure 6.2- Time History of Applied Base Motion and Spectral Acceleration of Applied 
Base Motion  
 
Table 6.1- Bounding Surface Based Elastoplastic Model Parameters for Minco Silt 
Parameter Value 
Slope of the isotropic consolidation line on p  n  - e   plot,   0.02 
Slope of an elastic rebound line on p  n  - e  plot,   0.002 
Slope of the critical state line in p - q  space , cM  (compression) 1.00 
Ratio of extension to compression value of M ( ce MM / ) 1.00 
Value of parameter defining the ellipse1 in compression ( CR ) 2.60 
Value of parameter defining the hyperbola in compression ( CA ) 0.10 
Parameter defining the ellipse 2 (tension zone) (T) 0.05 
Projection center parameter ( C ) 0.00 
Elastic nucleus parameter ( S ) 1.00 
Ratio of triaxial extension to compression value of R ( ce RR / ) 1.00 
Ratio of triaxial extension to compression value of A ( ce AA / ) 1.00 
Hardening parameter (m) 0.02 
Shape hardening parameter in triaxial compression ( ch ) 2.00 
Ratio of triaxial extension to compression value of h ( ce /hh ) 1.00 
Hardening parameter on I-Axis (ho) 2.00 
 
Table 6.2- Suction Related Parameters 
Parameter DOS 58% DOS 43% DOS 28% 
μ 50 80 140 
B 0.12 0.12 0.12 
N 1.526 1.66 2.017 
A 0.27 0.27 0.27 
r 1.57 1.57 1.57 
β 0.0133 0.0133 0.0133 
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Table 6.3- van Genuchten SWCC Parameters 
Parameter Value 
a 0.172 
n 1.5 
m 0.333 
Irreducible Saturation 0.001 
 
Table 6.4- Properties of Structure 
Parameter Value 
Mass on top of the pier (Mg) 40.81 
Cross sectional area of the pile and pier (m) 0.010356 
Cross sectional area of mass (m) 0.099355 
Length of pile (m) 19.25 
Length of pier (m) 1.625 
1st beam moment of inertia of pile and pier (m4)  1.55x10-4 
1st beam moment of inertia of mass (m4) 7.85x10-4
Young’s modulus (GPa)  200 
Poisson’s Ratio .32 
Density of pile and pier (Mg/m3) 7.850 
Density of mass on top of pier (Mg/m3) 821.522 
 
Table 6.5- Rayleigh Damping Coefficients 
Parameter     
Mass on top of the pile  79.13424 0.0000176 
Pile 21.02706 0.0000661 
Pier 359.7963 0.0000039 
Soil DOS 28 % 1.118209 0.0012420 
Soil DOS 43 % 1.093451 0.0012700 
Soil DOS 58% 1.070267 0.0012980 
 
6.6 Results and Discussion of FEM Model 
Three FEM models with three initial degrees of saturation (DOS), 28%, 43%, and 
58% were used to investigate the effect of DOS on the coupled performance of piles. The 
responses at nodes N1, N2, and N3 and elements E1, E2, and E3 are discussed and 
compared for the three tests. 
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The horizontal displacement histories for nodes N1, N2, and N3 are shown in 
Figure 6.3 with a DOS of 43%. The maximum horizontal displacement was 3.79 cm by 
N3, which measures the free field response. The maximum horizontal displacement near 
the pile (N2) was 3.42 cm. The top of the pile only move 0.5 cm. Permanent deformation 
occurred for the free field response, but the other responses returned to their original 
location. One reason for the limited movement near the pile is the amount of damping the 
pile was able to take from the motion through the soil. The pile had very high damping 
which reduced the motion around it. 
Figure 6.4 plots the horizontal displacement history for node N1 for the three 
degrees of saturation.  The results show that the horizontal displacement of the top of the 
pile is not largely affected by the range of initial degrees of saturation used in this study 
during initial shaking and begins to show differences after about six seconds into the 
shaking for the problems analyzed. Though the differences are minor, the DOS with the 
greatest permannat displacement is the DOS of 28%, a complete understanding of the 
effect of the force, stiffness and cyclic load is needed to further understand this result. 
One potential reason for the result can be explained with the damping. The two motions 
follow the same pattern until about 5.5 seconds into the motion, as the energy from the 
motion reduces the DOS 28% sample loses its ability to center itself due to the high 
damping, which reduces the piles energy to move. 
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Figure 6.3- Comparison of Horizontal Displacement Histories for Different Nodes at 
Degree of Saturation of 43% 
 
 
 
Figure 6.4- Comparison of Horizontal Displacement Histories for Different Degrees of 
Saturation at Node 1 
 
 
 
The acceleration response spectrums for the three nodes for a DOS of 43% are 
shown in Figure 6.5. The highly damped pile has a smaller spectral acceleration 
compared to the less damped soil. The soil response at node N3 has the greatest spectral 
acceleration. It makes sense that the spectral acceleration near the pile is less than the free 
field response, since the soil is softer near the pile from the pile movement. The 
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acceleration response spectrums for node N1 for the three degrees of saturation, also in 
Figure 6.5 do not have a significant difference. 
 
Figure 6.5- Acceleration Response Spectrums for Different Nodes and Degrees of 
Saturation 
 
 
The incremental change of the degree of saturation for the three elements with a 
DOS of 43% is shown in Figure 6.6.  Since the pile is modeled with nodes connected to 
the solid skeleton nodes, this prevented the element from decreasing in area (volumetric 
strain) like elements E2 and E3. The response actually caused element E1 to increase in 
area, due to no flow in the simplified formulation the volume of the water remains 
constant and the total volume increased resulting in the volume of the voids increasing 
and the degree of saturation decreasing. Figure 6.7 plots the incremental suction at 
element E3 for all three degrees of saturation. As DOS increases the incremental change 
in degree of saturation also increases.  
The incremental matric suction for the three elements with a DOS of 43% is plotted 
in Figure 6.8. Element E1 is once again being influenced by the nodes connected to the 
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pile. Figure 6.9 plots the incremental suction at element 3 for all three degrees of 
saturation.  As the DOS decreases the incremental matric suction decreases increasingly.  
From the results of Figures 6.7 and 6.9 and the SWCC (semi-log relationship with 
suction plotted on the logarithmic scale) it is reasonable that a small increase in DOS can 
result in a large decrease in matric suction, for degrees of saturation that are initially low. 
It is also reasonable that a larger increase in DOS can result in a smaller decrease in 
matric suction, for degrees of saturation that are initially high. 
 
 
 
Figure 6.6- Incremental Change of Degree of Saturation for Different Elements with a 
Degree of Saturation of 43% 
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Figure 6.7- Incremental Change of Degree of Saturation for Different Degrees of 
Saturation at Element 3 
 
 
Figure 6.8- Incremental Change of Matric Suction for Different Elements with a Degree 
of Saturation of 43% 
 
 
Figure 6.9- Incremental Change of Matric Suction for Different Degrees of Saturation at 
Element 3 
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7 PROPOSED RELIABILITY TECHNIQUE FOR USING UNSATURATED 
SOILS IN DESIGN 
 
There is still a significant amount of work to create deterministic equations, p-y 
curves, and numerical models for laterally loaded piles in unsaturated soils.  In order to 
study how unsaturated soil mechanics can be implemented into design practices a study 
was performed on shallow foundations.  
A method for solving for the bearing capacity of a shallow footing in unsaturated 
soils using Monte Carlo simulation is described in this chapter. Vanapalli and 
Mohamed’s (2007) semi empirical equation for calculating bearing capacity is 
implemented into the simulation. The matric suction term,  a w aveu u , is solved for using 
data from the U.S. National Climatic Data Center and U.S. Geological Survey National 
Water Information System. The results show increases in bearing capacity using the new 
method with factors as large as three times the capacity compared to deterministic 
approaches using saturated soil parameters.  The chapter also discusses the effects of the 
depth factor on the new dominating cohesion term in the bearing capacity equation. The 
results show that an increase in footing size results in smaller factors of increase in 
bearing capacity as suction increases the value of the cohesion term. As modifications are 
made to saturated soil procedures careful attention must be given to all the parameters.  
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7.1 Review of theory for ultimate bearing capacity of shallow foundation in 
unsaturated soils 
Shallow foundations are typically determined to be the most economical foundation 
solution in civil engineering projects and are typically located above the groundwater 
table and the stresses due to superstructure loading of these foundations are distributed 
within the unsaturated soil zone. Two of the design considerations of shallow foundations 
are the safety against the overall shear failure in the soil that supports them and the 
settlement. This paper focuses on the first consideration, specifically for unsaturated soils 
taking into consideration the suction change due to water infiltration.  
The ultimate bearing capacity of continuous shallow foundation is typically calculated 
using Terzaghi’s ultimate bearing capacity equation (equation 7.1) (1943) assuming that the 
soil below the footing fails in general shear failure mode. 
BNqqNcNcuq 2
1'    (7.1) 
where 'c  is the cohesion of soil,   is the unit weight of the soil, q  is the effective 
overburden pressure given by fq D , fD  is the depth from soil surface to bottom of 
footing, B is the width of footing and ,c qN N and N   are the bearing capacity factors that 
are nondimensional and are functions only of the soil friction angle ' . The application of 
Terzaghi’s equation is limited because it is applicable to shallow footings (Df ≤ B) and 
concentric vertical load. In 1963, Meyerhof suggested a general equation to overcome the 
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shortcomings in Terzaghi’s equation by introducing shape factors, depth factors and load 
inclination factors. The general bearing capacity equation is shown in equation (7.2). 
iFdFsFBNqiFqdFqsFqqNciFcdFcsFcNcuq 2
1'    (7.2) 
where ,s d iF F and F  are shape, depth and load inclination factors. Both Terzaghi’s 
and Meyerhof’s equations were derived for the failure mechanism and resistance along 
the failure surface based on saturated soil mechanics. However, recent studies show that 
the mechanical behavior of soils varies with the moisture content (Steensen-Bach et al., 
1987; Oloo et al., 1997; Costa et al., 2003; Rojas et al., 2007; Vanapalli and Mohamed, 
2007) and the foundations designed based on the saturated soil mechanics principles are 
often conservative. Mohamed and Vanapalli (2006) showed that the bearing capacity of a 
square model footing on a coarse-grained soil under unsaturated condition is 
approximately five to seven times higher than the bearing capacity under saturated 
conditions. Therefore, the influence of the moisture content of soil must be taken into 
account when predicting and interpreting bearing capacity of shallow foundations in 
unsaturated soils. 
The shear strength parameters for a soil with matric suction are defined by Fredlund 
(1993) as the effective angle of internal friction '  , the effective cohesion, c’ and the 
angle of shear strength change with respect to matric suction b' . The modified bearing 
capacity equation is: 
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   BNqqNcNbwuaucuq 2
1'tan)('    (7.3) 
where  a wu u  is the matric suction. 
The difficulty of solving for b'  has resulted in the proposal of an equation using the 
SWCC by Vanapalli et al. (1996). Vanapalli and Mohamed (2007) suggested a semi 
empirical equation modified from the initial equation proposed by Vanapalli et al. (1996) 
in the form of the general bearing capacity equation:  
   
dFsFBNqdFqsFqNfD
cdFcsFcNSAVRwuauSbwuaucuq


5.0
'tan'tan'tan'



 

 
  (7.4) 
 
where  bwuau  = air entry value from SWCC,  a w aveu u  is the average air-entry 
value, '  is the effective friction angle, S is the degree of saturation, and ψ  is the 
bearing capacity  fitting parameter given by. 
   20031.034.00.1 pIpI   (7.5)
 
where Ip is the plasticity index. The average suction in the above bearing capacity 
equation is given by: 
      2121 wuauwuauAVRwuau    (7.6) 
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where  1a wu u  is the matric suction at the bottom of the footing and  2a wu u  is the 
matric suction at a depth equal to 1.5 times the width of the footing (1.5 * B). 
Although the bearing capacity equations for unsaturated soils can be used to predict 
the ultimate bearing capacity of the footing, deterministic approach may result in 
unconservative estimate of the bearing capacity because of the change in moisture 
content of the soil due to various factors such as rainfall and evaporation. Therefore, a 
more realistic calculation considering all possible combinations of the aforementioned 
contributing factors is needed for predicting the ultimate bearing capacity. In this paper, 
Monte Carlo simulation is used to quantify the ultimate bearing capacity probabilistically 
taking into account the rainfall and infiltration of water and its flow using unsaturated soil 
mechanics principles. 
7.2 Proposed analysis procedure 
Vanapalli and Mohamed’s equation (Vanapalli and Mohamed, 2007) would be very 
useful at designing an economic shallow foundation since the suction terms increase the 
bearing capacity of the footing, thus resulting in smaller footings or less number of 
footings for a given superstructure load.  In order to use this equation engineers need to 
know how to quantify the matric suction for a particular site. Since suction varies with 
time and depth an engineer cannot take a single reading from the field to determine the 
value to use. Even using numerous readings over a short period of time may not 
accurately quantify the matric suction value that should be used. The best way to consider 
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the effect of matric suction on bearing capacity of soil is by quantifying the matric 
suction via a probabilistic approach through a large amount of historical data. 
Matric suction is not something that has been recorded over long periods of time. 
Rainfall has been recorded in detail around the United States and many other countries. 
In the United States the National Climatic Data Center (NCDC) records daily rainfall 
values, many sites have data for more than 60 years. A distribution of the annual 
maximum rainfall event can be created from this the NCDC database. Since infiltration 
affects suction this is an important parameter to quantify in solving for matric suction. In 
order to assume the worst-case scenario of infiltration, runoff is not being considered and 
it is assumed that all the rain will infiltrate through the soil.  
In a more detailed model evaporation would also have been taken into account. It is 
assumed that the worst-case scenario for suction will be after a rain event, thus 
evaporation was excluded from this model to simplify it. Evaporation and infiltration are 
not the only components that directly affect matric suction, the water table depth also 
affects matric suction. The U.S. Geological Survey (USGS), National Water Information 
System, provides data about the water table depths over numerous years at different 
locations. It is important to note that water table data can only be determined in 
unconsolidated sand and gravel aquifers. There are over 26,135 sites in these types of 
aquifers, the location of sites with 50 data points or more are shown in Figure 7.1 (a). 
Fortunately numerous wells are in locations with dry climates and unsaturated soils 
(Figure 7.1 (b): darker shades are dryer conditions). 
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 With these two distributions, rainfall and water table data, variations in matric 
suction can be quantified. Besides matric suction, unit weight of the soil is another 
parameter that varies with changes in the moisture of the soil which affect bearing 
capacity. The infiltration and the water table distributions can also calculate this 
variation.  
Ultimately the engineer wants to determine the bearing capacity of the soil and the 
design loading for each footing. A Monte Carlo simulation that takes into consideration 
numerous cases can ultimately determine the distribution of the bearing capacity of the 
soil with the soil parameters used for the saturated soil bearing capacity equation and the 
rainfall and water table data. A cumulative distribution function (CDF) of the soil bearing 
capacity considering the uncertainty in the suction terms can be used to determine the 
failure probability of the footing. A bearing capacity with a probability of 10-4 can be 
selected from the CDF to follow traditional civil engineering probability of failure 
expectations for a typical structure (ISO 2394, 1998).  Failure of the footing is assumed 
to occur when the bearing capacity of the soil is less than the pressure caused by the 
column load. It should be noted that in addition to the variability in the suction terms, the 
inherent randomness of the soil parameters (e.g. friction angle and unit weight, due to 
spatial and testing variability) also affect the bearing capacity. In this paper, soil 
parameters distributions are not considered since the primary interest is to understand 
how the unsaturated terms in the equation affect the selection of a bearing capacity for a 
real world sites. Figure 7.2 is a flow chart that outlines the method used to calculate the 
bearing capacity of unsaturated soil. 
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(a)                                                                (b) 
Figure 7.1- Location of USGS wells in contenetal US and regions with dry climate 
 
7.3 Calculation of variation of suction and unit weight 
7.3.1 Modeling for suction variation 
Because matric suction is directly related to the hydraulic head (hw) of the soil 
(Fredlund, 1993) it can be shown that: 
    gwywhwuau  0  (7.7) 
where ua is the atmospheric pressure, y is the gravitational head and ρw is the density 
of water. The flow behavior of water in unsaturated soil is complex compared to the 
saturated soil, because of the variation in hydraulic head with time and depth. The 
variation in hydraulic head with time and depth due to an infiltration event, with the 
ground water table set at the datum can be solved using Richard’s (1931) equation in 
unsaturated soils. 
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Figure 7.2- Flow chart for the simulation 
Solve for the Bearing Capacity of a Footing in Unsaturated Soils
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

 

 
 1)(
dz
dhhk
zdt
dh
dh
  (7.8) 
where 
dh
  is the water capacity function, ( )k h  is a form of unsaturated soil hydraulic 
conductivity.  
The parameters in Richard’s equation can be solved for using the equations 
developed by van Genuchten (1980).  
   
 
2
1
2
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mnhnh
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
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
 


 


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 (7.9) 
  mmm
m
rsm
dh
d 

 
 /11/1
1
  (7.10) 
where r  is the residual water content, s  is the saturated water content,   is the 
approximation of the inverse of the pressure head at which the retention curve becomes 
the steepest, Θ is the dimensionless water content, and n and m are model constants 
(typically m = 1-1/n). All of these parameters are based on the soil type and are fitting 
parameters for an empirically determined soil water retention curve (SWRC). 
With these parameters solved for, Richard’s equation can be solved numerically by 
the finite difference method. The Crank-Nicolson scheme implemented in Bolster and 
Raffensperger’s (1996) Matlab program to solve Richard’s equation was implemented in 
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the Monte Carlo simulation algorithm to solve Richard’s equation in this study. The 
result is the variation in hydraulic head, which as explained above can be solved for the 
 a w aveu u  term in the bearing capacity equation for unsaturated soil. 
The average air entry value,  Bwuau  , is the other type of suction that must be 
solved for. This is inversely proportional to the van Genuchten soil parameter α as given 
by the following equation. 
  wBwuau  

 1  (7.11) 
where γw is the unit weight of water. 
 
7.3.2 Modeling variation in unit weight of the soil 
Another van Genuchten (1980) equation was used to solve for the moisture content 
of the soil with depth.  
 
  mnh
rs
r


 



1
 (7.12) 
Using the same method as for calculating the  a w aveu u , the average moisture in the 
soil within the influence depth of the footing (1.5* B) can be calculated by: 
   


 
2
21   (7.13) 
The average degree of saturation in the influence area can be calculated by:  
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


s
S 
  (7.14) 
Thus the variation in the unit weight of the soil can be solved with the calculated 
average degree of saturation in the influence area by: 
 
e
wSesG


1
  (7.15) 
Where e is the void ratio and Gs is the specific gravity of the soil solids. 
7.4 Modeling a Rainfall event with NOAA data 
Precipitation frequency estimates are typically obtained by analyzing annual 
maximum series or partial duration series (Perica, 2011). Annual maximum series were 
used in this study and are constructed by extracting the highest precipitation amount for a 
particular duration in each successive year of record. The daily rainfall data obtained 
from the NOAA (National Oceanic and Atmospheric Administration) NCDC weather 
stations are utilized to derive the annual maximum rainfall distributions. In this study a 
year was defined as a calendar year. A water year starting on October 1 of the previous 
calendar year and ending on September 30 would be another typical option for selecting 
the maximum rainfall during a period of time.  After the appropriate distribution for the 
rainfall is selected for a particular site, which is explained in the sample application 
discussed in a later section, the Monte Carlo simulation technic can be applied. The result 
is randomly selected rainfall events measured in inches as data inputs for the model.   
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Richard’s equation requires the variable to be infiltration in units such as cm/ hr. In 
order to model a scenario with minimal runoff and pooling of water it was assumed that 
the rainfall event would have an infiltration rate equal to the saturated hydraulic 
conductivity, Ks. The duration of the rainfall event was calculated by dividing the 
randomly selected rainfall event in inches by the saturated hydraulic conductivity. At the 
end of the rainfall duration the hydraulic head data is used to solve for the parameters in 
the bearing capacity equation. 
7.5 Sample Application 
7.5.1 Problem definition 
An example of the bearing capacity problem was calculated for a square 3.5 ft 
(1.0668 m) footing embedded in the ground 2 ft (0.6096 m) in Victorville, California 
(Figure 7.3). This example was extended to determine if the new dominating cohesion 
component in the bearing capacity equation was being controlled by the cohesion depth 
factor term: 




B
fD
cdF 4.01  (7.16) 
To determine if the depth factor equation has significant influence over the bearing 
capacity equation the bearing capacity of three example footings were computed. For the 
first example, the footing width, B, was increased from 3.5 to 5 ft (1.52 m).  Another 
example kept the Df/ B ratio equal to the initial footing size and depth, thus B=5 ft, 
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Df=2.856 ft (0.87 m). The last example allowed B to remain equal to 3.5 ft and increase 
the Df to 2.856 ft. 
Victorville (Figure 7.4a) was selected due to its arid climate and the availability of 
van Genuchten soil water retention curve parameters for the Adelanto Loam located in 
this region. 
 
  
Figure 7.3- Design footing 
 
The van Genuchten parameters for the soil water retention curve of Adelanto Loam were 
taken from Zhang (2010) are: θs = 0.423, θr = 0.158, α = 0.00321 cm-1, n = 1.26 and Ks = 
0.003492 cm/min. 
The soil strength parameters were taken from an engineering report by Kleinfelder 
(2006). The engineering report was from a site about 15 miles from Victorville. The site 
was a similar distance from the river that passes Victorville, thus it was assumed that the 
water table would be reasonably similar (Figure 7.4 b). It was also assumed that this close 
distance would have similar weather patterns. The dry unit weight for the soil at a depth 
of 5 ft (1.524 m) is 103 pcf (16.19 kN/m3). The angle of internal friction for the soil at a 
Df = 2.0 ft
B = 3.5 ft
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depth of 5 ft is 33 degrees. The cohesion at a depth of 5 ft is 0 psf (0 kN/m2). The USCS 
soil type for the soil at 5 ft is SM. 
 
(a)                                                                          (b) 
Figure 7.4- Location of Victorville in California and distance from Victorville to 
geotechnical report site 
 
 
7.5.2 Rainfall data 
The rainfall data was taken from the Victorville Pump Station, Victorville, CA, 
United States, within climate division CA-07. The station was in service from November 
1, 1938 to the present. The elevation of the station is 2858 ft above sea level. The latitude 
and longitude of the station is 34° 32' 00” N and 117° 17' 34” W respectively.  The data 
for the pump station was processed from an ASCII file that was downloaded from the 
National Climatic Data Center. The maximum rainfall in inches during a year was 
tabulated for each year 1938-2009. Years where not all 365 days were recorded were 
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removed from the data set. This prevents non-rainy season maximum yearly values from 
affecting the overall distribution. Out of 72 years, a total of 6 years was excluded from 
the data set. To determine the best fitting distribution for the rainfall data, the probability 
paper plotting technique was used. The Type II Extreme Largest (Frechet distribution), 
Type I Extreme Largest (Gumbel distribution), and the Type III Extreme Largest 
(Weibull distribution) were checked for the best fit. The Gumbel distribution was deemed 
the best fit based on R2 values. The probability plot of rainfall data for the Gumbel 
distribution is shown in Figure 7.5a. 
Using the Gumbel distribution CDF transformed into a linear equation shown below, 
it can be determined that the location parameter, 0.8472n   and the shape parameter,
0.5011n  .  
ixnnn
i 

 


 1lnln  (7.17) 
where xi is the annual maximum rainfall data and n is the number of data points. 
7.5.3 Water table data 
The water table data was taken from the U.S. Geological Survey. National Water 
Information System: Web Interface. The selected site was in Victorville, California at a 
latitude and longitude of 34°32’ 00” N and 117°17’ 34”W respectively. The water table 
depth was recorded between 1930 and 1958. To determine the best-fit distribution for the 
water table data the probability paper plotting technique was used. For this case, the 
Frechet Distribution (Type II Extreme Largest), Gumbel Distribution (Type I Extreme 
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Largest), Weibull Distribution (Type III Extreme Largest), Normal distribution, and 
Lognormal distribution were checked for the best fit. The Frechet distribution had the 
best fit, but for simplicity the Gumbel distribution, the second best fit was used. The 
probability plot of the water table data for the Gumbel distribution is shown in Figure 
7.5b. 
Using equation 17, it can be determined that the Gumbel distribution parameters
43.916n   and 0.7912n  . 
 
  
 Figure 7.5- Type I Extreme Largest (Gumbel distribution) for rainfall data and water 
table data 
 
7.5.4 Results and discussion 
The convergence of the mean and the coefficient of variation for the bearing capacity 
distributions with the number of simulations are plotted in Figure 7.6. At 10,000 
simulations there is evidence of a convergence for each of the different example footings.  
The mean is the location parameter and the coefficient of variation takes into account the 
shape factor, with both of these measurements of the distribution converging it can be 
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understood that the empirical CDF created from the Monte Carlo simulations accurately 
represents the bearing capacity for the example footing in Victorville, California. The 
CDFs created for each of the example footings using 10,000 simulations are plotted in 
Figure 7.7 The bearing capacity for the footing at a probability of failure of 10-4 assuming 
the column load on the footing is equal to bearing capacity of the footing is recorded in 
Table 7.1. Since the only way to determine if taking into account unsaturated soils is 
meaningful to bearing capacity, Meyerhof’s equation was used to calculate bearing 
capacity of the footing assuming the soil to be fully saturated (Table 7.1). The percent 
increase in bearing capacity by taking into account unsaturated soils are also recorded in 
Table 7.1. 
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   Figure 7.6- Number of simulations versus the mean and coefficient of variation 
 
   
Figure 7.7- Bearing capacity versus probability of failure for all systems (empirical CDF) 
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Table 7.1- Computed bearing capacities 
Case L (m) B (m) Df (m) 
Bearing Capacity of Soil 
Using Deterministic 
Methods and Assuming 
Fully Saturated (KN/m2)
Bearing Capacity of 
Soil Using Monte 
Carlo Simulation 
(KN/m2) 
Percent 
Increase in 
Bearing 
Capacity 
1 1.0668 1.0668 0.6096 419 1547 269 
2 1.0668 1.0668 0.87051 574 2013 251 
3 1.524 1.524 0.6096 455 1673 268 
4 1.524 1.524 0.87051 598 1992 233 
 
 
From the results tabulated in Table 7.1 it is evident that the depth factor in the cohesion 
term has a significant influence in the bearing capacity equation. The simulation with the 
highest bearing capacity was the footing with the 3.5 ft width and the depth of 2.856 ft 
(case 2). This is a larger bearing capacity than the larger footing at the same depth. This 
shows that a smaller depth factor has more influence than a larger footing. More 
simulations would have to be performed to determine the percentage increase in footing 
size required to make the depth factor less sensitive.  
It is clearly evident that the bearing capacity of the soil is significantly affected by 
the matric suction and the variation of unit weight.  All the bearing capacities for the 
different example footings have increased by over 250%. If the footing with a width of 
3.5 ft and a depth of 2 ft is considered, in a typical design a safety factor of 3 would be 
applied resulting in a design load of 140 kN/m2.  Since the uncertainty in the soil was not 
taken into account in the Monte Carlo simulation an engineer could consider that the 
design load could be determined by dividing the determined unsaturated bearing capacity 
by 3 resulting in a design load of 515 kN/m2.  
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7.6 Sensitivity Analysis of Application 
7.6.1 Problem definition 
Three areas of sensitivity had to be tested. The first was to determine if another site 
with increased rainfall events, but still in an unsaturated region would significantly 
decrease the increased bearing capacity determined from the sample application. The 
second was to determine the sensitivity of the van Genuchten parameters. This sensitivity 
was tested with changes to all the parameters and changes to one parameter at a time. The 
third was to determine the sensitivity of the observed influence of the depth factor in the 
cohesion term on the bearing capacity.  
7.6.2 Second site selection 
Levelland Texas was the second site selected. Data was collected following the procedure 
for the Victorville California site.  The soil strength parameters came from a geotechnical 
report made by Amarillo Testing and Engineering, Inc (Gonzalez, 2009). The soil 
parameters are recorded in Table 7.2.  The Gumbel distribution was once again the best 
fit for the rainfall data (Figure 7.8 (a)). The normal distribution was the best fit for the 
water table data (Figure 7.8 (b)). The next section discusses the selection of the van 
Genuchten parameters.  
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Figure 7.8- Type I Extreme Largest (Gumbel distribution) for rainfall data and normal 
distribution for water table data 
7.6.3 van Genuchten parameters  
Finding van Genuchten parameters for another site is difficult. The van Genuchten 
parameters for Leveland Texas were taken from the class average values of hydraulic 
parameters for the twelve USDA textural classes from the program Rosetta (Schaap, 
2000).  The help index of the program provides a table with the values determined 
through the TXT model, the lowest of the hierarchical sequences in the model. The 
values were generated by computing the average value for each textural class. The table 
also includes one standard deviation uncertainty for each class. The soil classification in 
the geotechnical reports was used to determine which class the Levelland Texas soil best 
fit. Levelland was considered to be in the sandy clay textural class.   
One method for testing the sensitivity of all the parameters together was through 
picking the class average values for the Victorville site on the chart. The Victorville soil 
was considered a sandy loam. The results from the sample application at Victorville are 
referred to as Victorville Adelanto in the rest of the discussion. 
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The parameters were also tested individually for their sensitivity by increasing each 
individually by one standard deviation for a Monte Carlo simulation. The van Genuchten 
parameters for the two sites are provided in Table 7.2.  
7.6.4 Depth factor  
Once again the footing was tested with the four different variations of footing size 
and depth described for the Victorville Adelanto sample application for each of the mean 
value van Genuchten parameters. 
Table 7.2- USDA Textural Class Average Values of Hydraulic Parameters and Soil 
Parameters for Victorville and Levelland Sites at Depth of 1.524 m 
Parameters Victorville (Mean) Victorville (One 
Standard deviation 
Greater) 
Levelland (Mean) Levelland (One 
Standard Deviation 
Greater) 
θs 0.387 0.472 0.385 0.431 
θr 0.039 0.093 0.117 0.231 
α 0.026 0.007 0.033 0.008 
n 1.448 1.124 1.207 1.376 
ks (cm/hr) 0.065 - 0.043 - 
γ (kN/m3) 10.081 - 11.549 - 
e 0.605 - 0.401 - 
φ 33 - 25 - 
c 0 - 0 - 
 
7.7 Results and Discussion 
The complete change in van Genuchten parameters resulted in significant changes to 
the bearing capacity going from increases in bearing capacity over 250% to increases 
over 100% (Table 7.3). The changes in parameters also affected the distribution of 
bearing capacities computed form the Monte Carlo simulation. Comparing Figure 7.7 to 
Figure 7.9 (a) it is noticeable that the CDFs are much steeper.   This verified the 
importance in measuring the van Genuchten parameters. Based on the individual 
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sensitivity analysis for each parameter, the parameter with the greatest change in bearing 
capacity by increasing the parameter by one standard deviation was the alpha parameter, 
refer to Table 7.3. It is reasonable that this parameter has a lot of control since it 
describes the suction a soil has when it is almost completely saturated. The smaller the 
alpha value is; the greater the suction is at higher degrees of saturation. The rest of the 
van Genuchten parameters have similar sensitivities to the increase in bearing capacity 
when increased by one standard deviation (Table 7.3).  
From Figure 7.9 (b) it is evident that the bearing capacity of the footing in Levelland 
Texas is much lower than the bearing capacity in Victorville California. To determine if 
the decrease in bearing capacity is due to a change in soil strength parameters or a change 
in rainfall, water table data, and van Genuchten parameters, comparisons were made 
between the saturated and unsaturated soil bearing capacities. Even with increased 
rainfall the soil in Levelland still had an increase in bearing capacity near 80 % (Table 
7.3) through the Monte Carlo simulation method.  
  
 
Figure 7.9- Bearing capacity versus probability of failure for all systems in Victorville 
and Levelland (empirical CDFs) 
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Table 7.3- Computed Bearing Capacities for Victorville and Levelland with Sensitivity 
Analysis 
Site 
Parameter 
One Standard 
Deviation 
Greater for 
Sensitivity 
Analysis 
L (m) B (m) Df (m) 
Bearing Capacity 
of Soil Using 
Deterministic 
Methods and 
Assuming Fully 
Saturated (KN/m2)
Bearing 
Capacity of 
Soil Using 
Monte Carlo 
Simulation 
(KN/m2) 
Percent 
Increase in 
Bearing 
Capacity 
Victorville  - 1.067 1.067 0.6096 419 872 108 
Victorville  - 1.067 1.067 0.8705 574 1150 100 
Victorville  - 1.524 1.524 0.6096 455 926 103 
Victorville  - 1.524 1.524 0.8705 598 1179 97 
Levelland  - 1.067 1.067 0.6096 170 302 78 
Levelland  - 1.067 1.067 0.8705 237 420 77 
Levelland  - 1.524 1.524 0.6096 181 322 77 
Levelland  - 1.524 1.524 0.8705 243 429 77 
Victorville θr 1.067 1.067 0.6096 419 869 107 
Victorville θs 1.067 1.067 0.6096 419 879 110 
Victorville α 1.067 1.067 0.6096 419 1415 238 
Victorville n 1.067 1.067 0.6096 419 873 109 
Levelland θr 1.067 1.067 0.6096 170 254 50 
Levelland θs 1.067 1.067 0.6096 170 305 80 
Levelland α 1.067 1.067 0.6096 170 379 123 
Levelland n 1.067 1.067 0.6096 170 379 123 
 
The influence of the depth factor was studied by comparing the percent increases 
in bearing capacity for two footings different sizes at a specified depth. The difference 
between the percent increase for the deterministic method with fully saturated soil and 
the Monte Carlo simulation with unsaturated soil was calculated. Since the depth is the 
same the effects of suction are constant, considering this, the percent increase from the 
bearing capacity for both methods should only be a factor of the change in size from the 
footing. Thus the percent difference between the two methods for increased bearing 
capacity should be the same; this is not the case. There are two trends in Table 7.4. The 
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first is in two of the sites, an increase in depth reduces the affect the depth factor has on 
the calculation of bearing capacity. The second, and more important trend, is that as the 
influence of suction increases in the bearing capacity equation, the influence of the depth 
factor increases. The percent increase difference for the two methods in bearing capacity 
due to an increase in footing size reduces by 0.14 % at a depth of 0. 87 m. For sites where 
suction has more influence such as Victorville Adelanto, the percent increase difference 
for the two methods in bearing capacity due to an increase in footing size reduces by 
5.16 % for a footing at a depth of 0.87 m when comparing the two methods. From these 
results it is evident that the depth factor has influence on the bearing capacity calculated 
from the bearing capacity equation. 
Table 7.4- The effect of the depth factor for the cohesion term in the bearing capacity 
equation 
Site Footing 1 (m) 
Footing 2 
(m) 
Depth 
(m) 
Percent Increase in 
Bearing Capacity of Soil 
Using Deterministic 
Methods and Assuming 
Fully Saturated (KN/m2)
Percent Increase in 
Bearing Capacity 
of Soil Using 
Monte Carlo 
Simulation 
(KN/m2) 
Percent 
Increase 
Difference 
for Two 
Methods 
Victorville 1.067 1.524 0.6096 8.705 6.197 2.508 
Victorville 1.067 1.524 0.8705 4.138 2.490 1.649 
Levelland 1.067 1.524 0.6096 6.695 6.449 0.246 
Levelland 1.067 1.524 0.8705 2.223 2.079 0.144 
Victorville 
(Adelanto 
Loam) 
1.067 1.524 0.6096 8.705 8.162 0.543 
Victorville 
(Adelanto 
Loam) 
1.067 1.524 0.8705 4.138 -1.017 5.155 
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8 CONCLUSIONS 
 
The purpose of this research was to further understand the behavior of pile 
foundations in unsaturated soils subjected to lateral loading. There is still a significant 
amount of work to create deterministic equations, p-y curves, and numerical models for 
laterally loaded piles in unsaturated soils, but the observations in the centrifuge model 
results and the finite element model results provided some conclusions and many 
recommendations for future work. The conclusions of the centrifuge modeling procedure 
and results are discussed in section 8.1. The conclusions of the finite element modeling 
are in section 8.2. The proposed reliability technique for using unsaturated soil in design 
also provided recommendations for future work. The conclusions on the results for the 
technique and the sample shallow foundation problem are in section 8.3.  
8.1 Centrifuge Modeling of Soil-Pile Coupling Behavior in Unsaturated Soils 
The steady state infiltration system still requires some work to achieve uniform 
degree of saturation profiles for the static and dynamic tests, but a controlled non-uniform 
profile can be more representative of real site conditions. New information has been 
acquired about the behavior of piles in unsaturated soils in the centrifuge tests that were 
completed. The data collected from the unsaturated tests showed that the unsaturated soil 
bending moments are greater than the dry bending moments for pile head displacement 
comparisons. The stiffer unsaturated soil in pile head load comparisons resulted in the 
soil supporting the pile and a reduction in bending moments for the pile. The bending 
moment comparison plots also showed that the bending moment curve was shifted down 
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and was a different shape for the two unsaturated soils tested compared to the dry soil 
tested. This change in bending moment may require a different p-y curve to model this 
behavior. Another observation from the bending moment curves was the maximum 
moment points in unsaturated soils are being controlled by the layer where the maximum 
moment point is located. In a site where the degree of saturation is increasing with depth, 
the tests show that the layer with the most influence in increasing bending moments from 
suction controls the shape of the curve. This is an important observation since there is no 
uniform degree of saturation site. Another important observation is the reduction in 
bending moment in the pile head load comparisons. If bending moments are controlling 
the design of the pile, this observation would allow for more economical foundations to 
be designed. 
The dynamic results also provided useful conclusions. The horizontal displacement 
of the top of the pile for the dry and first unsaturated test behaved similarly compared to 
the second unsaturated test. The second unsaturated test had much greater plastic soil 
deformation, since the pile did not return to its center. For settlement of the pile the two 
unsaturated tests behaved in a more similar fashion than the dry test which unexpectedly 
had much greater settlement than the two unsaturated tests. From the spectral acceleration 
comparison plots it showed that non-uniform degree of saturation profiles can cause 
complexities in the free field response motion.  As motions propagate through non-
uniformly saturated layers, certain layers with different stiffness due to suction could 
control the response measured on the surface. 
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Though the uniform profiles were not achieved for less complex modeling in 
TeraUDysec, the non-uniform profiles from the data collected in the centrifuge tests can 
be modeled in TeraUDysec. Currently there is no sand model available for TeraUDysec, 
but the trends observed in the centrifuge test for non-uniform profiles can be compared to 
trends observed in the finite element simulations. 
Overall the centrifuge tests provided useful data and the lessons learned from the 
test procedure failures will be applied to future tests. From the lessons learned on the 
difficulties in maintaining steady state profiles in a centrifuge, 1g tests that can be 
performed at Clemson University are proposed for understanding more about the 
response of a pile in unsaturated soils. Another advantage in 1g testing is the ability to 
create a suction profile by forming a water table in the container. This method in creating 
suction profiles would make it unnecessary to perform the steady state infiltration 
method. 
8.2 Finite Element Modeling of Soil-Pile Coupling Behavior in Uniform Degree of 
Saturation Profile 
The soil-pile system is analyzed in a coupled manner using a simplified finite 
element formulation in the program TeraUDysac. The simulation results show that the 
free field response that is typically used in the design of piles is significantly different 
from the response very close to the pile. Also, the initial degree of saturation seems to 
have insignificant influence on the displacement response of the pile during the initial 
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shaking and starts to influence the horizontal displacement after about six seconds into 
the shaking for the problems analyzed.  
With the current soil profile and degrees of saturation used, the measured 
horizontal displacement differences would be insignificant to a structural engineer, but 
the trend of the differences after six seconds must be investigated with wider ranges of 
saturation and profiles to determine if it is necessary for engineers to consider the effects 
of unsaturated soil structure interaction.  
The improved simplified finite element model, which incorporates the Rayleigh 
damping model into the formulation is a useful tool that is simple enough to be used by 
practicing engineers effectively not only for understanding the effect of degree of 
saturation on soil and structures but also the interaction between soil and structures in a 
coupled manner. 
8.3 Reliability of a Shallow Foundation in Unsaturated Soils 
The method for determining the bearing capacity of a shallow foundation using 
Monte Carlo simulation is a useful tool for further understanding how unsaturated soil 
mechanics can be implemented in real world problems. The sample study gave evidence 
that considering unsaturated soils in design can significantly increase the bearing 
capacity.  
The sensitivity analysis reinforced the importance of having accurate soil water 
characteristic curve parameters when working with methods relying on the soil water 
characteristic curve. The sensitivity analysis also confirmed that sites with additional 
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rainfall can still benefit from an increase in bearing capacity by considering unsaturated 
soils. The effect of the depth factor is an important conclusion from the sensitivity 
analysis.  
As suction increases the value of the cohesion term in the bearing capacity 
equation; the influence of the depth factor increases resulting in smaller factors of 
increase in bearing capacity when there is an increase in footing size. This creates a 
conservative estimate of the bearing capacity of footings in high suction. Further study 
needs to be done to make a relationship to correct the depth factor influence. 
8.4 Closing Comments 
The observations observed in the centrifuge model results and the numerical model 
results requires further testing to validate the trends observed. A detailed understanding 
of three phase soils could result in valuable design equations and models as reliability 
engineering begins to enter into more common geotechnical engineering practice.  
The Monte Carlo simulation showed results that would be valued in construction, 
since the footing capacity is greater when considering unsaturated soils. As engineers 
start to use unsaturated equations it is important that they understand how factors in the 
equation in saturated and unsaturated forms can change in their importance. This will 
require careful attention when engineers work with multiple design methods. 
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